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TUNNELS FOR THE MACHKUND HYDRO-ELECTRIC PROJECT 


Paper No. 5971 


_ ** The Construction of Two Concrete-Lined Tunnels for the 
. Machkund Hydro-Electric Project, South India ”’ 


- by 

George Alexander Gauld, B.Sc., M.I.C.E. 
and 

Roger John Newport, B.Se., A.M.I.C.E. 


SYNOPSIS 


The Paper describes the construction of two concrete-lined tunnels in rock for the 
~ Machkund Hydro-Electric Project, South India. 

Modern techniques were adopted and emphasis is given to the use of modern plant 
and equipment and to the way in which unskilled eastern labour was successfully 
trained to use it. 

The use of light rock-drills mounted on air-legs as the basic method of driving is 
described in detail together with the problems encountered and overcome in using 
a pneumatic placer for the linings. 

A description of the construction of a surge shaft and pipe tunnel associated with 
the general tunnel works is also included. 


INTRODUCTION 


THE construction of concrete-lined tunnels in rock is no new development 
in South India; several exist which have been in use for many years. 
Most of them, however, were constructed with the minimum of plant 
using hand labour so far as possible, the emphasis being laid upon the 
immediate economy of low labour rates rather than speed of construction. 
Post-war conditions called for a different approach, and for the Mach- 
kund Tunnels, the contractors decided to take full advantage of the 
latest plant and technique available. 
‘Sonstructional work of this nature suffers from two handicaps—the 
usually isolated and remote locations of the work sites, and the absence 
_ of skilled plant operators and constructional workers. On the one hand 
_there is the desire to mechanize as much as possible but, on the other 
hand, there are difficulties to face both in getting the plant to the site 
and keeping it running, and in finding and training labour to operate it 
in a country which is, as yet, far from being industrially developed. 


' s 
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The equipment and methods used, together with the results obtained, | 
are described in the following pages. 


GENERAL DESCRIPTION OF THE PROJECT 


The Machkund Hydro-Electric Project is located about 130 miles (by 
road), north-west of the South Indian port of Vizagapatam, in undeveloped 
hill country on the Machkund river which, in this area, forms the boundary 
between the States of Madras and Orissa. The Project is sponsored 
jointly by these two States and was inspired by the Duduma Falls where 
the Machkund plunges 540 feet into a deep gorge. 

Although jointly owned, it is being constructed under the direction 
of the Madras Government Electricity Department which will also operate 
and maintain it. The power will be supplied to each of the two States 
through separate transmission lines originating at the power house. 
Preliminary investigations were carried out as long ago as 1929, when the 
exploration parties came in by elephant transport from the Vizagapatam- 
Jeypore road 12 miles away. Work on the access road to open the site 
was started in 1946, 

The lay-out of the Project is shown in Figs 1. A diversion dam is _ 
located some distance above the falls to take advantage of the additional 
head given by the rapids which lie above the falls. The water passes _ 
along an open flume channel, then through the flume tunnel, 4,110 feet 
long, and discharges into the tunnel pond formed by a small masonry 
dam across the Makkiput stream. Across the stream valley, opposite, 
and about 30 feet below the flume tunnel exit, the water enters the pressure 
tunnel, This terminates in a surge shaft followed by a short pipe tunnel, 
giving a total tunnel length of 3,090 feet. 

From the surge shaft, two 10-foot-diameter pipes pass through the 
pipe tunnel and, at the first anchorage, each splits into three 6-foot- 
diameter pipes which take the water down the steep side of the gorge to 
the power house located on the river bank, giving an effective working 
head of 840 feet. + 

In the first development, only one set of three pipes is being installed. 
The second set will be completed at a later stage together with the Jalaput 
dam now under construction about 14 miles above the falls. This dam 
_ will create a storage capacity of about 25,650 million cubic feet. On 

completion, the Project will have an installed capacity of 100,000 kilo- 
watts for consumption in the towns and industrialized areas of the coastal 
plain where a grid system is already established. 

The sides of the Machkund gorge are covered by tropical jungle but 
at the higher levels where most of the works are situated, it is mainly open 
grassland and scrub. Shade temperatures range from 40°F. at night 
during the winter to 115° F. in the hot weather prior to the monsoon. 
The average rainfall is 55 inches and falls for the most part during the 
months June to October. Two or three flood periods of concentrated 
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rainfall lasting from a few hours to a day or two can, however, be expected. 
The area is malarial. 


Roaps, Camps, AND SERVICES 


The Madras Electricity Department assumed responsibility for con- 
structing access roads and camps, and the provision of water, electric power, 
medical, and other services. The major works were let out on contract 


_ and all the contractors availed themselves of these facilities. 


The labour camps were located in two main centres: one near the 


z _ diversion dam and the other roughly half-way between the tunnel pond 
_ dam and the exit of the pressure tunnel. 


Large centralized camps show economies in the provision of services, 


but when shared by several contractors, administrative difficulties arise. 
Furthermore, in tunnelling, where men work throughout the day and 


night, the problem of transport has to be met. Men will not walk long 


_ distances in the heavy monsoon rains, nor will they take the risk of en-_ 


_ countering wild animals at night. In these circumstances, smaller camps 


located close to the work sites would appear to offer many advantages. 
Since the main Department power station closed down for several 
hours on Sundays for maintenance, small generator sets were provided to 
light the tunnels for tunnel-maintenance work during those periods. 
They also served for emergencies. 
So far as possible, the water supplies at the various work points were 


duplicated by the installation of pumps by the contractors which could - 


draw water from adjacent streams. Both supplies discharged into storage 
tanks holding at least one shift’s réquirements with a head of not less 


_ than 100 feet above the tunnel face. In this way, it was possible to avoid 


interruptions to the tunnel works in the event of failure or fluctuations in 


the mains supply. 


First-aid posts were established at all work sites, the more serious 


‘cases being sent to the small local hospitals maintained by the Depart- 


ment, for treatment. Twenty-four-hour working in the tunnels added 
to the heavy burden already imposed upon the Government medical 
services and, in retrospect, it is clear that the provision of an additional 
small hospital with a resident doctor for the tunnel workers alone would 
have been more satisfactory. Minor accidents were of fairly frequent 
occurrence, by night as well as by day, with labour inexperienced i in the 
hazards of tunnelling work. 


SUPERVISION AND LABOUR 


The works were commenced with an initial European staff of. ten, 
divided into the following broad groups: technical, construction, plant 


maintenance, and accounts. Indians, selected for training for respon- 


sible posts soon proved their abilities and, at a comparatively early stage, 
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it was possible to reduce the European staff to six. With very few excep- i 
tions, the supervisory Indian staff had an excellent command of English, — 
and this fact eased the problem of training and administration very — 
considerably. — 

During most of the construction period about 800 men were employed, : 
with a peak strength, for a few months, of more than 1,000. Such local — 


q 


labour as was available came from agricultural districts and the men had 
little or no experience of construction work. It was possible to import 
tradesmen from a reasonable distance and, with adequate supervision, 
these carpenters, masons, fitters, and the like, discharged their duties 
remarkably well. 

For the work in the tunnels, it was necessary to bring in good raw 
material and to face up to the task of training it. Men of good physique 
and having some previous experience of construction work were brought 
in, often from considerable distances. Once a small nucleus had been 
adequately trained, expansion. was relatively simple. A new-comer 
would commence work as a labourer on the tip and then, if suitable, he 
would be transferred to work inside the tunnel. The drillers’ helpers 
were recruited from these tunnel labourers and, after training, suitable 
men were selected out as drillers. From the driller group so formed, the 
necessary gangers and shift bosses were ultimately obtained. In the 
earlier stages of training, the wastage was heavy, but by steady work 
and the exercise of much patience, a fine team of men was built up. 

The repetitive nature of the work undoubtedly assisted the process 
of training, but once men reached the level of driller, it was found that _ 
they were readily adaptable. Drillers from the driving stage, forexample, 
became the key men in the concreting gangs. Nevertheless, it was 
essential to operate a rigid system based on the principle of one- man, 
one job, and deviations led to trouble. Consequently, it was necessary 
to plan ahead with great care to avoid changes in the system laid down 
for any new operation. 

Individually, the men became remarkably self-reliant and, as groups, 
worked well together. A keen rivalry developed between different 
groups, particularly noticeable between different faces when driving. 
Pride of achievement was self-evident when the crews in one face succeeded 4 


_in beating all previous records in India by driving their face 130 feet in 
one week, - | 


PLANT AND MACHINERY 


Owing partly to restricted supplies and partly to the limited use of — 
machines in tunnels previously constructed in India, the local agency 
firms could meet only part of the contractor’s demands for equipment. 
Thus, most of the plant was imported direct from the United Kingdom 
together with ample stocks of spares. i 
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Import restrictions, customs formalities, and the task of bringing 
heavy plant up to the site over indifferent roads, including a difficult 
ghat section, introduced many unforeseen delays. Nevertheless, the task 


~ was eventually accomplished, and once the problem of training the main- 


tenance crews had been overcome, the plant met the demands placed 
upon it with a high degree of reliability. 

Much ingenuity was called for in the manufacture of unobtainable 
spares and special equipment ; construction work of this nature located 


_ far away from commercial centres, requires the provision of compre- 


__ hensive workshop facilities at the site. 


The importance of good maintenance cannot be too highly stressed. 


- With relatively unskilled labour, lacking a true mechanical sense, it 


was found to be imposs‘ble to leave routine maintenance in the hands of 
the machine drivers. Their responsibilities were limited to keeping the 


_ machines clean, to running them, and to the reporting of faults. 


The plant was divided into groups: rockdrills, compressors, locomo- 


tives, rocker-shovels, pumps, crushers, etc., and maintenance gangs were 


specially trained, each responsible for servicing one group of machines 


only. Routine duties were laid down for shift maintenance, with an 


additional schedule to be carried out weekly on Sundays. 

When breakdowns occurred, local attention was prohibited. In the 
case of fixed equipment, such as compressors, a trained repair crew was 
sent out to the site to effect repairs. Light machines, such as rockdrills 
and pumps, were brought into the central workshops where they could 
receive attention under proper supervision. So far as possible, a few 
serviced machines were kept ready for exchange to minimize delays at 
the work sites. . 

This policy. increased the maintenance-labour costs but was justified 
in the high degree of plant-reliability so obtained. 


Metoop oF DRIvING 


- Since the ends of the tunnels were accessible, both were driven from 


each end without the need for intermediate adits or shafts. Furthermore, 


the programme allowed sufficient time for driving the pressure tunnel 


first, followed by the flume tunnel. It was necessary, therefore, to pro- 


vide equipment for driving only two faces at one time, thereby reducing 
the total plant required and easing the maintenance problem. A central 
compressor-house located near the tunnel-pond-dam site served first the 
pressure-tunnel entrance, then the flume-tunnel exit. The compressors 
provided for the pressure-tunnel-exit drive were transferred to the flume- 


tunnel entrance on completion of the former. 


‘The two tunnels were driven through granitic gneiss. Soft patches 


"were encountered together with jointy and broken rock, but much of it 


was in the form of a hard blue close-grained rock, in which ordinary steel 
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drill-bits were blunted by about 12 inches of drilling. This led to the 


original decision to use tungsten-carbide bits, and both detachable bits 


and tipped steels were actually employed. 

As an alternative to using a drill carriage with mounted drifters, a 
plan for using only light water-fed machines on air-legs with a suspended 
platform for drilling the upper holes permitting simultaneous drilling and 
mucking, was finally adopted. The sequence of operations (see Figs 2) 
was as follows :— 

As soon as the fumes from the blast had cleared, part of the drilling 
gang proceeded to the face and trimmed off all loose rock. The remainder 
of the drilling gang brought in the drilling equipment and set this up on 
the muckpile at the face for drilling the middle band of holes. At the 
same time, the mucking gang brought in two rocker shovels which were 
put to work at the toe of the muckpile which usually extended to about 
50 or 60 feet from the face. 

By the time the drillers had completed all the holes which could be 
reached comfortably from the muckpile, the latter had been shortened 
to about 15 feet. At this point, both drilling and mucking were stopped 
while all hands helped to erect the suspended platform, a task which 
usually occupied about half-an-hour. 

The suspended platform was carried on two girders, each made up 
from a pair of 2-inch pipes with angle bracing welded in between. Pairs 
of holes were drilled into the tunnel walls on each side to correspond 
with the spacing of the open ends of the pipes. Thus, steels could be 
inserted, half into the holes and half into the ends of the pipes, forming 
four supports to each of the girders. The required holes were drilled 
from the muckpile, one girder being erected close to the face, and the other 
about 8 feet back. A timber deck was added, and on this the drillers 
completed the top holes while the rocker-shovels completed the mucking 
underneath. (See Fig. 10.*) 


As soon as the mucking was finished, the drillers started on the lower 


holes which could be drilled from the floor. At the same time, the muck- — | 


ing gang removed their equipment, made the necessary extensions to the 
tracks, cleared drains, and assisted the shot-firer in preparing the explosives. 
On completion of the drilling, the face was charged with explosives, — 
the suspended platform being used for the upper holes. This was then 
dismantled, the tunnel cleared, and the round fired, completing the tiie 
Average times for these operations are given in Appendix I. 


CRITICISMS OF THE METHOD 


Karly fears that the use of air-legs with inexperienced labour would 
result in poor alignment of the drill holes were unfounded. The men 


F ~ 10 LO 10 to 17 are all photographs and are printed between pp. 130 and 131._— — 
EO. 
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soon appreciated the need for accuracy in position and direction, and once — 
a hole was started, usually with some help from the face ganger, the driller 
could be trusted to maintain the required alignment. 

The burn-cut holes called for the greatest accuracy, but a simple — 
routine was developed. The first hole was completed with a 10-foot 
steel. The machine was withdrawn, the steel being left in the hole. A 
5-foot steel was fitted and the next hole started. The first 10-foot steel 
was then drawn out a few feet and thus provided a directional guide for 
completing the second and subsequent holes. 

Thus, the rockdrill-and-airleg combination was entirely satisfactory 
from the point of view of directional control, and offered the advantages — 

of light weight, easy handling, and quick changes from one position to — 
another. It was found, however, that the air-legs were easily damaged, 
and care was necessary when handling them. ; 

Hardened steel bars, of 14 inch diameter, were used to carry the ends — 
of the platform girders. They frequently bent and jammed under the © 
weight and added considerably to the task of dismantling the platforms. 
Bars of greater diameter would have called for special drill-bits and larger 
girder-pipes, but the weight of the girders was already as great as could — 
be manhandled. a | 

In broken rock, it was often difficult to drill holes in the tunnel walls _ 
in the required positions and in rock sound enough to take the weight. 
Overbreakage introduced an excessive gap between the pipe-girder ends 
and the tunnel walls, and while a telescopic end to the girders might have 
been devised, this would only have added further to the weight. It was _ 
usual in these circumstances to reduce the number of drillers on the plat- 
form and to add props, if necessary, although these interfered with the 
‘mucking. 

Thus, the time taken for the erection and dismantling of the suspended 
platforms often considerably exceeded the average. With the attendant 
interruptions to drilling and mucking, the frequent delays had serious 
_ repercussions on the weekly footage. 

In good rock these disadvantages were minimized, and the advantages 

of simultaneous drilling and mucking were realized. In comparison with 
- full-face drilling, the suspended-platform technique reduced the equivalent 
drilling time to the sum of the time required to erect and dismantle the 
platform and the time required to drill only the lower holes where seven 
machines were employed. The “ muckpile ” and “ platform ” holes were _ 
drilled with five machines and these, together with the two rocker-shovels 
gave a lower peak-demand for compressed air than would any form of 
full-face drilling technique giving similar overall cycle-times. Thus, the 
suspended-platform method showed an economy in both compressor 
capacity and the total number of rockdrills required which, in these 
works, was a considerable asset. 


Ab 
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VENTILATION : Fumes anp Foo 


The exhausts from the compressed-air machines normally supplied 
_ sufficient fresh air for men working at the tunnel face, and the main purpose 

_ of ventilation was to remove the fumes arising from the blast as quickly 
as possible. ; 

Since sheet steel was virtually unobtainable, 8-foot-by-4-foot semi- 
__ hard aluminium sheets were supplied for ducting. These were rolled and 
_ lap-jomted at site to form circular ducts about 15 inches diameter. Slip-in 
_ joints were used from duct to duct by making the diameter at one end 
_ slightly larger than the other. Two-inch-wide “ insulating” tape was 
__ employed to wrap round and seal the joints, but since this was not entirely 
__ satisfactory, the joints received an additional wrapping of strips of hessian 
_ cloth soaked in a bituminous compound and put on hot. 

The ducting was connected to a 10-horse-power electrically driven 
centrifugal fan located at the portal, equipped with reversing ducts. An 
__ axial-propellor-type air-driven booster-fan, operating in one direction only, 
_ was introduced into each line between the face and portal after the face 
_ was about 750 feet in. 

Many experiments were carried out to determine the best method of 
clearing the blast fumes quickly, but no entirely satisfactory solution was 
found. The procedure commonly adopted was to keep the ducting up 

to within 200 feet of the face; to keep it nearer resulted in excessive 
damage from blasting. After the blast, the maximum supply of com- 
pressed air was admitted through the open-ended main, but restricted at — 
a main-line valve ahead of the booster fan, partially closed prior to blast- 
ing. This valve maintained sufficient back-pressure in the line to operate 
the booster fan which was arranged to extract foul air from the face. 
The portal fan was operated on suction continuously, the reversing ducts 
‘not beirig used. The booster fan was shut off when drilling and mucking 
commenced, to conserve compressed air for the demands of the face. 

A study of the cycle-times in Appendix I shows that the average time 
which elapsed between the blast and the point at which it was possible 
for the tunnel crews to resume work, formed an appreciable portion of 

_ the cycle-time. This was not a result of the men’s reluctance to go to 

work. Indeed, it was frequently necessary to restrain them, for cases of 
gassing were not uncommon. The conclusion is that the ventilation 
system was inadequate for this size of tunnel. 
+ The booster fans were extremely effective but, being air driven, called 
for-air power at the time when there was a maximum demand on the com- 
pressors for blowing-out at the face. Thus, in spite of the cost of running 
in power cable, electric booster-fans would appear to be justified. Larger 

ducts would have been cumbersome, but improved results could be ex~ 

_ pected by doubling the lines and their corresponding fans. =~ 

a The face work suffered from another handicap—fog. The humidity 
of the outside air was normally high, even during the “cold weather ” 
eve ; 


- 


a 
a 


ie 


a 
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season, on account of the river and the tropical vegetation in the valley. 


Thus, warm saturated compressed air passed into the tunnel mains; its — 
expansion through the machine exhausts and its consequent cooling — 
created a thick fog. It is doubtful if the fog had any harmful effect, 
although it was thought to hold and delay the settling of dust, thus in- 
creasing throat irritation. But it had a strong psychological influence on — 


- the men, who believed it to be harmful. 


Far more important, however, was its effect on the efficiency of the 
drillers. The most powerful floodlights could not penetrate the fog and, — 
as soon as the five or seven machines went to work, no driller could see __ 
what was happening to his drill steel at the rock face. This tended to — 
lead to a lack of alignment between the hole and drill steel, straining the } 
latter and the machine chuck, and aggravating the causes of shank 
breakage. 

On a similar location, the provision of after-coolers complete with 
water separators at the compressors to eliminate excessive water vapour 
in the compressed-air lines would, therefore, appear to be well worth 
while. 


Mucki1ne 


The cost of bringing in a normal type of mechanical excavator for use 
in the tunnel open cuttings alone was prohibitive, and no such machine 
was available elsewhere on the Project. Thus, the tunnel rocker-shovels 


were used for this work but their value was limited where rock was en- 


countered. In open-cut work, where the use of explosives must be re- 
stricted for both physical and economic reasons, the rock tends to break 
into pieces too large for rocker-shovels to handle, and the work is delayed 
by the need for further drilling and blasting to reduce these to a manage- _ 
able size. While the availability of the rocker-shovels was an advantage _ 
against the alternative of hand mucking in the open cuttings, the work 
would have been completed in much less time had it been possible to use 
a standard excavator. 


The tunnels were both of adequate width to allow the simultaneous 


_ operation of two air-driven rocker-shovels working on parallel 2-foot- : 
_ gauge tracks. Diesel locomotives, pulling trains of up to eight 1-cubic- 


yard tip-wagons, were employed to bring the tunnel muck out to the 
spoil tips. Provided the locomotives were adequately maintained, par- 
ticularly with regard to fuel pumps and atomizers, little trouble was ex- 
perienced with their exhaust fumes. . 

_ The loose clamp-fittings for slide rails as suggested by most manu- 
facturers gave constant trouble. Although maintenance was fairly heavy, 


slide rails of the type shown in Figs 3, which were evolved at site, proved 


to be quite satisfactory in service. ; ; 
In the earlier stages of the job, full sets of scissors points and crossings 
connecting the two parallel tracks were used for changing over the wagons. 
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z _at the back of the shovels. It was a major task to move them forward as 


the face advanced and in order to avoid delays to the face gangs two of the 


~~ shifts were brought out on Sundays to perform this work. Not only did 


this add directly to the tunnelling-labour costs but, in being limited to a 


Figs 3 
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move only once a week, by the end of the week the lead from the rocker- 


- shovels to the scissors crossings had become excessive for manhandling 


the wagons. It is never easy to push loaded wagons round curves, and 
the double reverse curves of the scissors crossings proved to be no excep- 
tion. This added to the delays which interfered with the quick change- 
over of wagons needed to keep the shovels working effectively. 

For the second tunnel, a simple, site-made wagon slide (see Fzg. 11) was 
introduced in place of the scissors-crossing unit. It eliminated curved 


‘track and speeded up the handling of the wagons. Furthermore, it was 


easy to move forward and the move could be made by the regular mucking 


a gangs in the interval between the completion of mucking at the face and 


finishing the drilling of the bottom group of holes. The wagon slide was 
moved forward every two rounds. This kept the leads to the minimum 


_ and eliminated the need for bringing out special gangs on Sundays for this 


work. 

A study of the cycle-times shows that mucking was a decisive factor 
in the progress obtained. It is easy to be critical in retrospect but the 
lesson learned on these tunnels was that ordinary 1-cubic-yard tip-wagons 
are both too small and too light for operation with the larger-sized rocker- 


- shovels if the full capacity of the latter is to be utilized. 


Studies showed that even after wagon slides were installed, the shovels 


were actually loading during only about half the available time, the balance 


being taken up in changing the wagons behind the shovels. A marked 
reduction in mucking times would have been obtained by the use of wagons 


_ of at least double the capacity. © 
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The wagons available were of the ordinary type with the skips made 
up in }-inch steel plate. The shock of loading these with rock from rocker- 
shovels was considerable. Not only was the skip plating seriously punc- ~ 
tured, but the skips soon became badly mis-shapen, causing trouble and 
delay when dumping the spoil on the tips. This led, indirectly, to dis- 
tortion of the chassis and needless derailments. Maintenance was heavy 
and costly and frequently reduced the number of wagons available to — 
considerably less than actual requirements. These troubles would have 
been very much reduced by the employment of heavier wagons suitably 
reinforced and built to withstand the rough treatment associated with 
rocker-shovel loading in rock tunnels. 


Dritt STEELS AND Bits 


The detachable bits used were of the cruciform type, whereas the 
tipped steels were of chisel form. In good rock, both forms of bits worked 
well, but in broken and jointy rock, the cruciform bit gave less trouble, 
the chisel form having a greater tendency to jam. 

In comparing the overall performance of the two types, the figures 
given in Appendix II show that the tipped steels were superior to the 
drill rods with detachable bits. They had other practical advantages, 
but in reading the notes which follow, it must be appreciated that the 
only material available for the manufacture of drill rods was a poor- 
quality carbon-steel, whereas the tipped steels were made up in a high- 
quality alloy-steel. 

With the tipped steels, there were far fewer breakages of the steels 
either at the shank or tip end, resulting in fewer interruptions to drilling. 

Occasionally, a tipped steel was lost by becoming jammed in a hole 
beyond the possibility of extraction. The drill rods with detachable 
bits jammed less frequently, but gave much more trouble in that the bit 
itself was lost through rod breakage or broken by the bursting of the 
bit at the tapered connexion to the drill rod. Magnetic and other ex- 
tractors were used, sometimes with success; but more often the hole, 
with its lost bit was abandoned, necessitating a new hole alongside, and so 
delaying the round. j . 

The tipped steels, with few exceptions, outlasted the life of the tung- 
_sten-carbide tips. Thus, the tipped-steel sets, not having suffered re- 
shanking and shortening, were all of standard length. The holes were 
therefore drilled to their correct depth without difficulty, giving a square 
face and maximum “ pull.” The percentage of broken shanks was so 
low that it is doubtful if the provision of a sharpener and furnace is justified 
when using tipped steels. No labour or machines are required for forming 
mer or other connexions as are necessary between the rod and detachable. 

its. 

For the upper holes where the muckpile or platform space was limited, 
the holes were normally drilled with two rods or steels, the first, 5 feet, 
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and the second, 10 feet long. Yor the lower holes, drilled from the floor, 
it was possible to drill the entire depth with one 10-foot tipped steel, 
thus cutting the drilling time by eliminating the loss of time in changing 
steels. The 10-foot drill-rods with detachable bits would not stand up 
to this treatment. 

Since it was inadvisable to issue more than a slight excess over net 
requirements of detachable bits, when shanks or taper ends broke—as they 
frequently did—the bit, if not lost, would be changed over. It was there- 
fore difficult to keep control over the usage of the detachable bits and they 


_were often excessively worn when returned for regrinding. With the 


tipped steels, it was possible to exercise a better control and the steels 
were returned for regrinding after drilling a definite footage. This tended 
to increase the life of the steels. 

Most, but not all, of the trouble experienced with the detachable bits 
was attributable to the drill rods with which they were used. Had they 


é been made of steel comparable in quality with that of the tipped steels, 


it is probable that the detachable bits would have given a much improved 
performance. 


BLASTING AND SAFETY PRECAUTIONS 


In the interests of safety, 50-volt lighting was used at the tunnel 
faces. When charging the holes, floodlights were employed, being kept 
as far back from the face as practicable, all leads being kept strung. up 
on the tunnel walls and off the wet floor. 

In the earlier stages of the job, the contractor’s chief engineer held a 
“lasting school”’ on Sunday mornings, at which the men were taught 


5 safety precautions, the routine to be followed, how to deal with misfires, 


and so forth. Asan incentive, men who were passed out from the “school” 


_ were given a special certificate, and promotion beyond a certain grade was 


dependent upon a man holding this certificate. The rules were rigidly 


- enforced and any breach of regulations resulted in suspension or dismissal. 


The care taken was well justified for, quite apart from the economical 


gain in successful blasts resulting from this careful tuition, the driving of 


the tunnels was completed without a major accident ; only one man was 
unfortunate enough to lose his life when dealing with a misfire in a way 
contrary to regulations. 

A standard burn-cut type of round was used throughout in preference 
to other patterns to ensure that the muckpile would be short, high, and 
close to the face to facilitate the drilling of the middle holes from the 
muckpile. 

The size of the charge made it imperative to operate the exploder 


- outside the portal, and a heavy T.R.S. cable was permanently slung along 


the tunnel wall, opposite to that used for the lighting cables, to connect 


_ the exploder with the lead wire to the detonators at the face. <A rigid 
system of testing the circuit was employed, and the actual blast was the 


{ 
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responsibility of the shot-firer. He held the exploder key and was per- 
sonally responsible for clearing the tunnel of all personnel prior to blasting. — 

An added safety precaution was the provision of miners’ safety helmets 
to all tunnel workers. In several minor falls of rock which did occur, 
these helmets undoubtedly saved a number of lives. 


The pressure tunnel, driven first, was in fairly sound rock throughout, 
and required no form of temporary support. 

In the drive from the flume-tunnel entrance, a section of the line 
coincided with a rock formation consisting of heavily broken and jointed 
material lying between two shear planes slightly inclined from the vertical. 
A major roof fall occurred at one point, and for about 70 feet thereafter 
support was required. A section of soft rock interlaced with hard rock 
“boulders ” was also encountered in the drive from the exit end of the 
tunnel, and special methods had to be adopted over a length of 108 feet. 

Largely on account of limited steel supplies, and partly because the 
few Indians who had had any previous experience of soft-ground tunnelling 
gained in the construction of masonry-lined railway tunnels knew only 
the “ English ” method, a modification of this system was adopted. A | 
length of about 8 feet was opened, using timber and light rails as was 
necessary for a temporary roof support. Ribs and laggings were then 
set up to a profile approximately 9 inches clear of the finished lining 
profile, and an 8-foot section of walls and arch concreted by hand to a 
rough finish. Light-rail arch-ribs were incorporated over the roof area 
as reinforcement. 

The method employed readily available local materials and the men 
soon dropped into the new routine. Cycle-times are given in Appendix II]. 

A short section in very broken ground at the exit was constructed * 
using conventional steel ribs fabricated from steel joists which were 
available. 


| 
SECTIONS REQUIRING SPECIAL METHODS | 


i 


PREPARATIONS FOR THE CoNcRETE LINING 


As soon as driving was completed, preparations for cleaning out the 
_ invert and placing a preliminary concrete mat were put in hand. 

With the original muck track in the middle and with the men strung 
out, it was possible to clean out quickly the loose filling material on each — 
side. This cleaning was carried out to the tunnel gradient to maintain 
natural drainage. 

When this work was completed, the men were divided into two gangs. — 
One gang worked ahead cleaning out the remainder of the invert across 
the full width, the muck being run out on the track ahead. This gang 
also carried out any necessary trimming of high rock in the floor and on 
the sides to a height of 4-5 feet. 


The second gang followed, thoroughly cleaning off the bed-rock with 
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air and water jets. Next, they set precast concrete blocks, one series to 
carry a central 2-foot-gauge track, and another series, accurately set to 
level, for supporting screeds. Timber screeds were set in the blocks, and 
the initial floor concrete was laid (see Figs 4) using tip-wagons run in 
from the portal where the mixer was set up. 


Figs 4 


(a) 


FINAL INVERT 


Sracus or Pourrne ConcRETE LINING 


_ A small third gang followed, setting in the kerbs for locating the side- 
wall shutter skirts, to an accurate line. 

“The final trimming was carried out by a fourth gang. The trimming 
gantry was mounted to run on two sets of standard 2-foot-gauge track 


-and fitted with two profiles. That at the leading end was fixed, and cut. 


to a clearance of 12 inches inside the minimum rock-line. Thus it could 
be pushed past most projections and the tight rock marked for drillmg 
and blasting. _ A second profile was fitted to the trailing end by means 
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of hinges, so that it could be collapsed out of the way. This was cut to 
the exact shape of the minimum rock-line and was used to check each — 
section for clearance when trimming had been carried out. 


ConcRETE MATERIALS © 


Difficulties in obtaining crusher plant and the necessity for using 
plant already at site imposed severe restrictions on the production of a 
well graded aggregate. In the earlier stages of the work, one crusher 
was used to produce aggregate of 14 inch maximum size, the products 
below 3 inch only being separated since the range of the screening equip- 
ment was limited. A second crusher provided rock dust with a maximum 
size of 3 inch, the use of rock dust for the fines being unavoidable owing 
to the very limited supplies of suitable river sand. Such river sand as 
was available was collected by a local subcontractor using somewhat 


primitive methods, but washing was carried out in a modern plant located _ 


on the river bank. 

The mix produced with the equipment so arranged proved to be 
deficient in intermediate fines. Consequently, the separate production 
of dust was discontinued and the crushers were arranged to produce 
“ crusher run”’ material, one set to limit the size to 14 inch and the 
other to 1 inch. A series of analyses of the products was made and, ulti- 
mately, by a suitable proportioning of these two grades of aggregate with 
a small quantity of river sand, a satisfactory and reasonably well graded 
mix was obtained which was used successfully throughout the remainder 
of the works. 

Cement of Indian manufacture was supplied by rail to Bobbili, a station 
on the plains, north of Vizagapatam. It was then hauled by road to the 
site, a distance of about 130 miles, providing a major problem in road 
transport, for which the Electricity Department assumed responsibility. 


PLANT AND EQUIPMENT FOR ARCH AND SIDEWALLS 


Considerable thought was given to the method by which the concrete 
should be placed. By providing several shutter units, simultaneous hand 
placing can give a fair rate of progress. However, the time available 
_ called for a more rapid rate of construction than could be economically 
obtained by hand and it was believed that by the use of mechanical 
methods, the saving in labour costs would go a long way towards ee 
the capital cost of the equipment. 

Consequently, a 40-foot-long travelling steel shutter of conventional 
design was built in the United Kingdom and shipped out for service in 
both tunnels, additional parts being supplied for conversion from the 
pressure-tunnel section to that of the flume tunnel. 

Of the two mechanical methods available, it was considered chava a 
concrete-pump would be troublesome and unreliable in the hands of un-— 
skilled labour. This led to the decision to use a pneumatic placer. 
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Experience elsewhere had shown the placer to be mechanically reliable 
and free from the complications of blocked pipes which arise with inexpert 


- handling of a concrete-pump. 


The lining equipment comprised five units, all of which, other than the 
pipe tower, were linked together, so that they were drawn forward together, 
as required, by a hand winch set up ahead of the work (see Figs. 5, 12, 
and 13). 

The first section consisted of a wagon ramp and belt elevator unit. 
The elevator was originally supplied with a special low-level boot or 
loading section to minimize the height of the ramp. Unfortunately, this 


- section gave much trouble, the aggregate jamming under the steel guide 


plates at the sides, cutting into the belt. The boot was finally removed 
and a simple hopper built to discharge straight on to the sloping conveyor- 


belt, the wagon ramp being raised to the required higher level. It was 


arranged so that the wagons discharged on to a flat sloping portion at 
the end of the hopper rather than on to the belt itself through the hopper 


- discharge opening. This called for one extra man who stood at the end 


of the hopper and, with a “ pusher,” fed the batch slowly and evenly 
through the discharge opening and on to the belt. This entirely eliminated 
jamming and reduced belt wear to normal proportions. With a few 
additional minor modifications, which included side rollers to prevent 
the conveyor belt wandering off centre, this unit gave no further trouble. 

The belt elevator discharged into the storage hopper of a 1-cubic-yard 
mixer set up on a travelling chassis, comprising the second unit. On 


discharging the mix from the drum, the batch from the storage hopper 


was released, and the storage hopper again refilled by the conveyor. » 


This gave a steady input, well up to the capacity of the mixer. 


The discharge chute from the mixer led straight into the next unit, 


the pneumatic placer. The placer discharge-pipe was led up, and sup- 


ported on, the carriage on which the air receiver was mounted, the last 


linked unit of the equipment. : 
Between the air-receiver carriage-support and the shutter, the pipe 


received further support from a pipe tower. The pipe tower travelled 
on the same tracks as the rest of the equipment, but was moved indepen- 
dently, as required, as the pipe was withdrawn from the shutter. 


The batching plant (see Fig. 14), located outside the tunnel portal, was 
made at site, and consisted of timber hoppers fed both directly by wagons 
on an elevated track leading from the crushers, and by portable conveyor 
units fed from the crusher and washed-sand stockpiles. In front of each 


hopper, at a height which permitted the passage underneath of locomotives 


and wagons, there was a batching deck (see Fig. 14). Since the specifica- 


tion called for volumetric batching, fixed gauge-boxes were let into and 
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flush with the deck, which simplified the process of screeding off surplus 


material. They were equipped with steel bottom doors fitted with counter- 


weights to make them self-closing, providing for their rapid discharge into 


- 
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Fig. 5 
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the wagons waiting below. The aggregates were fed to the gauge boxes 


through gate-controlled chutes. The sand hopper had simple gates which, 
~ with a little assistance from the operator, enabled the sand gauge-boxes to 


_ he filled rapidly without resort to shovelling. 


The whole plant provided for two grades of aggregate and one of 


sand, the gauge boxes being duplicated in each section to permit simul- 


taneous batching into two wagons at a time, at each stage throughout 


the train. Each wagon contained one mixer batch, and in this way, 


- trains of batched material could be made up and dispatched at the rate 


4 required to meet the demands of the placer equipment. 


Cement was added at the placer-plant elevator-hopper, just prior to 


use, the requisite number of bags being sent in on a flat bogie with each 
__ train. 


Practnc THE ARCH AND SIDEWALLS 
Work was started with key operators who had been trained on another 


smaller tunnel where similar equipment was employed, and with full 


knowledge of the pneumatic placer’s tendency to produce segregation if 


‘not properly controlled. It was soon evident that the technique which 


q had been used successfully on the smaller tunnel would have to be modified 


ee ore 


to obtain satisfactory results on the larger Machkund tunnels. 
The smaller tunnel had a finished internal diameter of 9 feet. Using 


a fairly stiff mix, the bottom corners of the trailing end of the shutter 


filled quickly and, in a comparatively short time, the concrete built up 
on both sides to a steep slope and reached the crown. From this stage — 
onwards, it was possible to keep the discharge end of the placer pipe 
buried to the extent of a foot or two, when the concrete flowed out in a 
manner similar to the discharge from a concrete-pump, and any tendency 
towards segregation of the materials disappeared. 

In the Machkund tunnels, the vertical lift was nearly double that of 
the smaller tunnel and, presumably on account of this, it was found 
necessary to work with a rather wetter mix of 4 to 5 inches slump, if 
blocked pipes were to be avoided. This wetter mix gave a flatter slope 
to the concrete inside the shutter and this, coupled with the greater 
height of the arch, delayed the condition under which the buried-discharge- 
pipe technique could be employed, for several hours after the start of the 
pour. In fact, this condition was not reached until the sides were filled 
to approximately the springing level of the arch. Also, during this period, 
the flow of concrete to each side was not always even and a careful watch 
had to be kept on this, the discharge pipe being moved over to one side 
or the other, as necessary, to avoid eccentric loading of the shutter. 

On striking the shutter, in the early stages of the work, serious honey- 


- combing was found at the bottom corners at the trailing end. The remedy 


adopted was to shoot about six batches of sand/cement mortar first, 


before shooting the normal concrete. This completely eliminated honey- 


combing in this area. 
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During the next phase of the operation, until the springing level of — 


the arch was reached, satisfactory results were obtained only by a com- 
bination of vibrating and hand punning through the inspection panels 
provided. The original external-type vibrators obtained were too light, 
but successful results were obtained with heavy insertion-type vibrators 
used externally by mounting them in suitable clamps fitted to the main 
ribs of the shutter. The hand punning was closely supervised and the 
best results were obtained by running the vibrators for 3 or 4 seconds 
only, after the hand punning had been carried out and just before the 
next shot from the placer. 


Once the condition was reached in which the discharge pipe could be _ 


buried and progressively drawn out as the arch filled up, little trouble 
was experienced other than what might be termed a dirty-shutter effect. 
During the pouring of the walls, a certain amount of concrete splashed 
over the crown of the shutter forming a patchy skin, less than 1 inch 
thick which, of course, set. If this was left in this condition, the splashed 
material tended to cling to the shutter on striking, so leaving an uneven 
finish to the crown. Thus, it was necessary to stop work for a short 


period when the sides were filled and, wherever the roof clearance per-— 


mitted, to clean the shutter crown before proceeding to fill it. The 
buried-pipe technique and the compacting effect of the placer discharge 
inside the limited space of the arch produced sound concrete, all normal 
roof cavities being filled. Honeycombing never appeared in the arch. 
Interruptions to pouring from any cause tended to produce “ cold 
joints ’—a layer of honeycombed concrete lying immediately above the 


concrete surface formed when the stoppage occurred. This trouble was” 


largely eliminated by first chipping the surface whenever it was accessible 
and, on resuming the pour, shooting in first a batch or two of sand/cement 
mortar before following on with the normal concrete mix. 

One slight surface defect appeared in the form of tiny holes resulting 
from small bubbles of air adhering to the surface of the shutter on the 
sidewalls, never in the arch. This trouble tended to increase whenever 
the shutter was over-oiled and in spite of all efforts, was never entirely 
eliminated. 

A further surface defect in the form of water marks proved to be 
_ very difficult to avoid in the pressure tunnel, which had sloping sidewalls. 

The necessity for using a rather wet mix resulted in the appearance of 
small quantities of water on the surface of the wet concrete after a height 
of 4 or 5 feet had been reached in the sidewalls, continuing up to the 
springing level of the arch. 

It was considered that this surplus water was squeezed out of the 
lower levels of concrete by the weight of concrete added above, and that 
the water travelled wpwards to the surface. In the pressure tunnel, 
where the walls were inclined at an angle to the vertical, water, which was 
squeezed out of the concrete near to the face of the wall, rose vertically and 


i 
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- tended to strike the surface of the steel shutter. It continued to travel 


upwards on the surface, taking with it minute quantities of the surface 


_ cement grout. 


: Striking the shutter, at these levels, revealed a series of “ rivulets ” 
giving a sandy surface of the order of 7g inch thick. This sandy surface 
could be brushed off showing perfectly sound concrete underneath. Thus, 


- it had no deleterious effect of the strength of the lining but it spoilt the 


general appearance of the finished work. 
The theory that the inclined sidewall shutters of the pressure tunnel 


- were largely responsible for this surface defect was supported by the 


fact that it appeared in very few places in the flume tunnel, where the 
sidewalls had a vertical face. 

A minimum setting-time of 48 hours was at first imposed in the initial 
stages of the work by the Government engineers. Naturally, the con- 
tractors wished to improve upon this to gain the maximum advantage 
from employing mechanical methods of placing the lining. Both parties 
co-operated in tests for arch settlement, strength, and other factors, and 
in due course, as a result of these tests, a setting-time of 16 hours was 
authorized in good ground where no rock load would be imposed upon 
the lining. 

With this concession, and once the proper technique was mastered, 


progress reached the average of five lengths, or 200 feet of lining; per 


week. 
The general conclusion to be drawn from the Authors’ experience in — 


the use of the pneumatic placer is that, with due regard to the proper 
control of the mix, water content, punning, vibration, and so forth, the 


machine is entirely satisfactory for placing the whole arch and sidewall 
lining in one operation in small tunnels of about 10 feet diameter. Diffi- 


culties in controlling the flow, and segregation problems increase rapidly 


with larger tunnel diameters, and tunnels about 15 feet in diameter 


appear to approach the limit of successful operation. Even in this size, 
and certainly in excess of this, it would seem advisable to place the side- 
walls with one unit, employing hoists and chutes, and to place the arch 


_ with another unit following behind at a suitable distance, employing the 


pneumatic placer to deal efficiently with this portion of the tunnel lining 
where other methods are both costly and often unsatisfactory. 


Usz anp Maintenance OF PLACER EQuirpMENT 


4 


The efficient operation of the placer equipment depended upon com- 


: _ paratively small details, but any of these could give trouble which, if it 


occurred when concreting, led to unnecessary delays and the risk of 


© cold joints.” 


Wear in the placer itself was not abnormal and build-up welding of 
the throat was required only on completion of the first tunnel, when about 
8,000 cubic yards of concrete had passed through and, of course, on 
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completion of the second tunnel. The placer was free from mechanical 
defects throughout its use. 

The top bend of the discharge pipe was of special design and provided : 
with replaceable wear plates. These were renewed every few lengths and 
their order changed between pours to ensure equal wear. In addition, 
parts of the housing and the bend itself required building up at fairly 
frequent intervals. By working with two units, one in use and one 
under repair, no time was lost on this account. 

Six-inch steel pipe was used for the delivery and it soon became evident 
that screwed joints, or any form of joints which reduced the metal thick- 
ness, were unsuitable. With such joints, pipe life was limited by the 
thickness of the metal at the joints, and failure occurred long before the 
pipe itself wore out. A simple butt joint, which was devised at site, and 
which left the metal thickness unimpaired, is shown in Figs 6. 


Figs 6 


7 


en: |e 


EXPLODED VIEW 


ELEVATION END VIEW 


PLacnrR-PrrPk CoNNEXION 


Pipe wear was greatest along the bottom of the pipes, and to counteract — 
' this the pipes were rotated through 120 degrees every length. The pipes 
and joints thus wore uniformly giving the maximum available life. 
Wear was least near the bend and greatest near the discharge end 
where the concrete attained its maximum velocity. Thus, the end pipes 
had a shorter life than the other pipes in the set but, by using a progressive 
system of replacement, it was possible to keep the consumption of pipe 
to the minimum. On average, a set of pipes sufficed to complete about — 
twenty lengths. 
Although the above-mentioned points were well known to all, details 
were apt to be overlooked resulting in unnecessary pipe wear and delays 
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which had an adverse effect upon the quality of the work. The problem 
was overcome by the production of a form * which was given to the fore- 
man by the engineer after the latter had checked the setting of the shutter. 
The form listed each item of the routine to be followed by the concrete 
gang in the maintenance and preparation of the concreting equipment 
prior to commencing a pour. The foreman was required to check through 
and sign every item on the form before giving the order to start. Whilst 
a signature was no absolute guarantee that the work had been carried 
out, the form served as a reminder of each step in the routine and pinned 


- down the final responsibility to the foreman with the result that delays 


arising from any failure to comply with the routine seldom occurred once 
this procedure was established. 


‘Finat Invert CONCRETE 


The tunnel linings were completed by placing the final dished invert 
over the initial floor. 

The sidewall shutter was designed to give a projecting strip sup- 
ported by the kerb along the foot of each wall, the top of which marked 
the intersection with the finished invert. In practice, this was not entirely 
successful. In pouring the sidewalls, the concrete in this bottom strip 
set long before the arch was completed. No matter what precautions 
were taken to bed down the shutter tracks securely, a slight vertical 
settlement took place as the load of concrete built up over the arch. 


- Thus, on striking the shutter, it was invariably found that the projecting © 


strip had sheared off along most of its length. However, some parts sur- 
vived, and it was made up elsewhere by hand to such an extent that it 


: - could be utilized as a screed. 


The Authors believe that the alternative practice of casting-in a 
“ eorner piece ” along each side of the tunnel first, using a steel shutter, 


is to be preferred. The work entailed in setting a shutter accurately is 


no more than that which was required for the kerbs used in this design, 
and such precast ‘* corner pieces ” are unaffected by any slight movement 
of the wall and arch shutter which follows. 

The final invert was poured in two halves, the first half following 


close behind the main shutter and poured during the setting period. The 


second half was not concreted at this stage since it served as a drain, the 
lining being placed in an uphill direction. A screed was fixed along the 


centre of the tunnel floor and concrete from the main mixer was run in 
wagons through the shutter on a special track which by-passed the placer 


unit. The concrete was placed by hand and trimmed to profile by work- 
ing a moulding screed between the wall projection and the centre screed. 
As the work proceeded, the 2-foot-gauge track ahead of the plant was 


- * The wording of this form is given in an Appendix (unpublished) to the MS. of 
this Paper.—Suoc. I.C.E. 


a 
Sa 
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picked up, carried through the shutter and re-laid behind on top of the — 
finished half of the invert. The track was therefore ready in position — 
when the arch and sidewalls were completed for running in the concrete 
required to complete the second half of the invert. This was, of course, 
laid downgrade so that all accumulated water was led away ahead of the 
work and drained out at the tunnel exit. The correct dished shape was 
formed by screeding between the wall projection and the surface of the — 
concrete already laid in the first half. 


SurvEys AND Settine-OutT 


Independent triangulation surveys were made for each of the two 
tunnels with the primary object of determining their lengths. Open 
traverses were also made as a check on the alignment. These surveys 
presented no particular difficulties other than those imposed by climatic 
conditions which limited instrument work to short periods near sunrise 
and sunset. : 

Since few members of the tunnel crews could read, and generally to _ 
eliminate the possibility of errors through the misreading of tapes or 
rules, all setting-out was planned for the use of sights and gauges. 

Whilst driving the tunnels, the line was carried on roof stations marked 
on plugs driven into holes drilled in the roof at approximately 80-foot 
intervals. Candles were set to line and axis level in holders slung from _ 
chains attached to the roof stations. These were used by the tunnel 
foremen and senior shift bosses to sight and mark the axis point of the 
face. From this, the positions of the holes were marked out with gauge 
sticks for drilling. 

The chainage was marked up at 50-foot intervals, and at each of these 
points level-pegs were driven into holes on both sidewalls at a fixed 
distance above invert level. By stretching wires across two sets of these 
level-points, the tunnel foremen were able to bone ahead and keep close 
control over the floor grade and track levels. 

The same roof stations and side level-pegs were used for trimming the 
floor and for boning-in the initial invert screeds. . 

Since the kerb edges had to be set accurately to line, short pieces of 
_ rail were cast'into the centre of, and flush with, the surface of the initial — 
invert. On these, an engineer marked the tunnel centre-line, and the kerb 
shutters were set from the marks by means of a steel gauge. 

The trimming-gantry tracks were laid on the initial invert with the 
sleeper ends just touching the kerbs, the spacing of the bogies having 
been designed with this object in view. The gantry and, consequently, 
the trimming profiles were thus automatically set to line and level through- 
out the tunnel. The setting was sufficiently accurate for taking the final 
cross-sections. These were plotted from offsets taken at 2-foot intervals 
round the fixed profile after trimming had been completed. 

For setting the tracks for the shutter, a steel gauge was provided 
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which rested on and between the kerbs, thus enabling the tracks to be laid - 
accurately to line and within the required limits of level. 

Ahead of the shutter, pins were grouted into each kerb at the exact 
chainages which would correspond to the leading edge of the shutter 
allowing for the necessary overlap with the previously concreted length 
at the trailing end. The pins were also set to a fixed grade so that they 
projected about 2 inches above the kerbs. 

After the shutter had been drawn forward and correctly positioned by 
bringing the leading edge into line with the pins, a straight-edge was laid 

across the pins and, using a vertical gauge stick, the crown was jacked up 
-tolevel. The track-setting gauge was then used to check the alignment at 

_ the crown by dropping a plummet from the centre marked on the crown 
of the shutter at its leading edge. All these operations were performed 
by the concrete foreman, but the final settings were usually checked by 
an engineer as an insurance against mistakes. 

For the final invert, since grade pegs set in the floor ahead of the 

_ lining equipment were liable to be damaged, new boning pins were grouted- 
in by an engineer for setting the centre screed. 


Surge SHAFT AND Pirz TUNNEL 


The contract for the tunnels also included the construction of a con- 

_ erete-lined surge shaft (see Fig. 16), 50 feet in diameter and about 75 feet 
high, and a concrete-lined pipe tunnel leading out of the surge shaft, 32 feet 
wide by 21 feet high, with a length of about 110 feet. 
On the surge-shaft site, a small pilot shaft was first sunk from a pre- 
liminary open cut on top. On completion of the pressure-tunnel drive, 

the shaft was opened up to full size, using the pilot shaft as a muck chute 
and loading by rocker-shovel below. 

; Owing to protracted negotiations with the manufacturers of various 
special equipment, the final drawings for the surge-shaft concrete were 
available only after the works were well advanced. It was not possible, 
therefore, to have shuttering manufactured in the United Kingdom and 
shipped out in time, and its fabrication had to be carried out in the con- 

“tractor’s site workshops with such materials as were available. 

mA self-supporting system of steel shuttering was designed in the form 

of two sets of rings, each 2 feet high, divided into panels with channel- 
section soldiers, 10 feet long, located at suitable intervals to help in retain- 
ing the plumb of the walls (see Figs 7 and 17). Since no suitable angles 

~ were to be obtained, the panels were built up from 4-inch plate and framed 

- with 9-inch-by-}-inch strip, fillet-welded all round. The task was accom- 

_ plished by the use of special jigs which effectively prevented distortion of 

the panels during the process of welding. ae 

Sockets consisting of nuts welded to 2-inch-square washers were cast 

in the conerete to receive fixing bolts as work proceeded. The soldiers 

- were bolted into the walls by means of these sockets, as was the lower 
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Figs 7 


SECTION |." “7 © 


ELEVATION 


SHUTTERS AFTER LIFTING 
Drraits or SuraE-SHAFT SHUTTERS 


ring of panels. New sockets were cast in while pouring the upper ring. 
When the concrete had set, the bolts were checked for tightness in the 
upper ring and the lower set of shutters was released. These were then 
erected on top of the previous upper ring, all the panels being bolted 
together and to the soldiers, and the process repeated. The soldiers were — 
lifted every third pour, and had always a lap of at least 4 feet over the 
finished work to maintain rigidity and plumb. 

An independent system of timber scaffolding was constructed to 
provide circular platforms at vertical intervals of 6 feet. The concrete 

materials were brought through the pressure tunnel to a mixer located 
_ at the bottom of the surge shaft. This mixer discharged into a site-made 
bucket which was lifted to the required platform level by means of an air 
winch. From the platforms, the concrete was shovelled into the forms 
by hand. Progress under dry-weather conditions averaged about two ou 
a half lifts, or 5 feet, per week. 

The pipe tunnel was enlarged to full size from the heading which 
originally provided access to the pressure tunnel. A preliminary concrete 
floor was first laid and the sidewalls were cast-in to springing level of 
the arch, 

Since the tunnel arch was of considerable size, it was considered that 
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much time and labour would be saved if the shutter was constructed as 
a one-piece travelling unit. A length of 7 feet 6 inches was selected as 
being the most suitable. Since any form of jacking for setting-up and 
striking called for vertical movements, and since the tunnel was on an 
appreciable grade, the ribs were formed on a vertical plane and were 
therefore of a slightly elliptical section. The ribs and runners were made 
up from timber with a surface lagging of 12-gauge sheet-steel plates. 

This unit was bolted to a cross-frame made up from 5-inch-by-44-inch 
R.S.Js and this was supported by four sets of 6-inch-pipe columns. The 
bottom ends of each set were welded to a 10-inch-by-3-inch channel 


% forming a soleplate. Under each soleplate, an 8-inch-by-6-inch R.S.J. 


was bedded to grade on the initial concrete floor of the tunnel, leaving a 


_ gap for the insertion of timber wedges to maintain the shutter at its 


correct level (see Figs 8). 

In the two gaps between each outside pair of supports, 2-foot-gauge 
tracks were laid. On each of these, a frame was built up on two bogies. 
with a capping piece to give a few inches clearance under the cross-framing 
of the upper part of the shutter. Thus, by the use of ordinary jacks at 
floor level, and by knocking out the wedges beneath the soleplates, the 
whole shutter could be lowered on to the two carriages, leaving the column 
supports hanging free. By means of a hand winch, the whole double 
unit was then drawn forward to the next position, and the shutter jacked 
up off the carriages and wedged in position, ready for the next pour. 

After setting up the shutter, the carriages were drawn forward and 
decking was laid across the top to form a working platform for the men. 
Concrete from the mixer was discharged directly on to the belt of a port- 


able elevator which, in turn, discharged the concrete on to the carriage 


results obtained which compared very favourably with western standards. 


platform. From there, it was manhandled into the shutter (see Fig. 9). 
With a setting time of 24 hours, it was possible to concrete about 
three lengths, or 22 feet 6 inches, per week with this equipment. 


CoNncLUSION 


Although the contractors had made their decision, considerable doubts 
existed at first as to whether or not it would prove to be practicable to 


- combine the employment of modern plant and methods with untrained 


ae 


—o 
ie - 


labour under the conditions which obtained at Machkund. These early 
doubts soon proved to be unfounded. 

By suitable training and supervisory control, the men acquired a 
remarkable degree of skill. The mechanical equipment served well, and 
thé men soon dropped into the routine operations of maintenance, driving 
the tunnels, and placing the linings. Progress bonus was introduced 
throughout as many operations as possible, and this kept interest.and 


effort at the consistently high level necessary to maintain good progress. 


To sum up, the correctness of the contractor’s decision was proved by the 


10 
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Fig. 9 
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duced in the following pages. 


APPENDIX I 


Rock TUNNELLING CycLE-TIMES 


The cycle-times quoted below are for the flume tunnel and exclude major delays 
arising from factors beyond site control, such as electrical supply failures, etc., but 
jnelude minor delays such as derailments, plant breakdowns, etc. 

Since the pull per round was not constant throughout the driving of the tunnel 
owing to the different lengths of drill steels used, a typical average cycle-time is given 
for an 8-foot pull, involving drilling 65 holes and loading 150 one-cubic-yard wagons 


of muck. 


hrs mins 
(1) Waiting for fumes to clear after the blast before re-entering 
the tunnel te Sarit Ne Cap ceaheetetics BaP Str SOO T.0 50 
(2) Taking equipment up to face, barring down loose rock, 
‘ clearing track, reconnecting manifolds, etc., in pre- 
: paration formucking®. © - - s+ + et se 0 30 
(3) Mucking, including an average of 30 minutes delay whilst 
erecting platform for drillers . S243 Vaden Sea at Sires LO 
(4). Drilling lower holes. «oe vt tert tts 3 00. 
(5) Charging face, dismantling platform, removing equip- 
ment from face, testing circuit, and blasting. . - - 1 45 
le Total 14 05 
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Notes J 

(a) While mucking was proceeding, the face was marked and all holes drilled 
above the lower holes, which latter comprised only 40 to 45 per cent of the total 
number of holes. : . 

(b) For rounds giving pulls of up to 9 fect 6 inches, the average times for items 1, 
2, and 5 were found to remain substantially the same and the times for items 3 and 4 
only were increased. , ’ 

(c) The total cycle-time was largely controlled by the mucking time (see text) 
and could this have been reduced, the total average time could easily have been re- 
duced, for the drilling of the middle and top holes was invariably finished long before 
mucking was completed. 


APPENDIX II 


. 


PERFORMANCE OF Dritt STEEL AND Bits 


The figures quoted below are for the flume tunnel only, where both detachable 
bits with tungsten-carbide inserts and tipped steels were used. 


Detachable Bits and Drill Steel 
These were 1} inch diameter, of cruciform shape, with a female tapered socket 
which was a push-on fit using a copper sleeve to the corresponding male taper formed 


on the end of the drill rod. The drill rods were 1 inch hollow hexagonal and both 
shanks and tapers were fashioned on site. 


Total lineal footage drilled . . . . 209,511 
Total number of copper sleeves expended . 4,300 
Total lineal footage of drillsteelexpended . . . . . . 3,950 
Number of long drill steels fashioned or refashioned on site . 3,755 
Number of short drill steels fashioned or refashioned on site . 2,435 
Total number of shanks broken during drilling. . . . . 2,188 
Total number of tapers broken during drilling. . . . . 906 
Number of detachable bits that became unserviceable . . 1,133 
Number of detachable bits lost during drilling. . . . . 398 
Total number of detachable bits expended . . . . . . 1,531 
Average lineal footage drilled per detachable bit . . . . 136-8 


Tipped Steels 
These were chisel pattern giving a 1}-inch-diameter hole with tungsten-carbide 
inserts, and were supplied shanked and ready for use by the manufacturers. 
Total lineal footage drilled ag, ME A OOS IT 
Number of tipped steels rendered unserviceable by damaged 
or worn-out carbideinserts . . ... +... 
do. by ‘broken shanks}ey 0M, DP girs aioe, 19 
do. by brokenitapera 00" cont <) tao eens 
do. by jamming in holes so that they could not be 
extracted: cyidifitenhy tg Stes Sebi Sh CS 13 
Total number of steels consumed 


Average lineal footage drilled per tipped steel ceeemeoned : 287-6 


otes 
_ (1) If the tipped steels with broken shanks had been reshanked on site and put 
into use again, it is estimated that their remaining life was equivalent to 7-20 new 


steels, and this would have increased the average footage per drill steel to 296-5 lineal 
feet or only 3-1 per cent. 


(2) The consumption of long and short steels was not equal and it was found 


that 139 long steels were used as against only 100 short steels, owing to th ti 
of drilling the lower holes with a long steel frock start to finish. . see 
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Comparative Costs 

The tipped steels gave a much better footage per steel than the detachable bits 
but their initial cost was much higher. On the other hand they required no main- 
tenance at site other than the grinding of the carbide tips, which was necessary with 
the detachable bits as well. 

If the cost of grinding, which is both small and common to both, is ignored, the 
comparative cost based on the initial price of a detachable bit being taken as 100 
units were as follows :— 


Cost per 1,000 ft of drilling 


Detachable Tipped 
Bits Steels 
Initial cost of bits or steelsused . . . 732 units 690 units 
Cost of hollow steelused . .- . . . 64 ,, nil 
Shanking and tapering drill steel, labour, 
andlmatenialss attacis cwestn sauce ds os nil 
Cost of coppersleevesused . . . . 20 ,, nil 
Total 8874 units 690 units 


Whilst this shows that the costs for the tipped steels were less, the poor quality 
of the hollow drill steel available, which was used with the detachable bits (as noted 
in the text), was responsible for the heavy bit losses and the cost of shanking and 
tapering. If the quality of the drill steel had been such as to reduce the losses of bits 
by two-thirds and the cost of the drill steel consumed (plus the cost of fashioning it) 
by a half, there would have been little difference in costs. 


APPENDIX III 


Cyciz-Trimz Ix Bap GrounpD SECTIONS 


The cycle-times quoted are for an 8-foot length in the flume tunnel and represent 
the average times taken once the routine was established and the first two or three 
sections completed. The initial sections took considerably longer for the gangs had 


had no prior experience of this work. 
hrs mins 


(1) Waiting for fumes to clear after the blast before re-entering 
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Discussion 


The President, when proposing the vote of thanks to the Authors, 
said he had gained the impression, when reading, that the work had been 
carried out with an unusually small number of Europeans. The Authors 
must have trained their Indian subordinates extremely well to have been 
able to give them so much responsible work to do. The site had clearly 
been extremely difficult of access, necessitating much improvization. No 
attempt had been made to get a highly finished temporary works but 
everything had been done in a way very suitable for the work. 

Mr A. P. Lambert observed that the main value of the Paper lay 
in its straightforward and honest description of the work which the. 
Authors had carried out. It was particularly valuable because the Authors 
had described some of their problems, how they had tried to solve those 
problems, and how in some instances they would do things a little differ- 
ently another time ; for instance, the ventilating ducts had not been quite 
large enough and the fog at the tunnel face might have been reduced if 
there had been after-coolers and separators to get rid of the moisture 
before the air went into the tunnel. The relationship of the size of the 
wagon to the rocker-shovel had also been mentioned. A Paper in which 
the Authors frankly stated their difficulties and confessed that they had 
not quite overcome them was very much more valuable than a Paper 
where there seemed to have been a magician in the background, where no 
problems ever occurred, and where any difficulties were solved before any- 
body kmew anything about them. 

He thought that the Paper was lacking in information in one or two 
places, and it would be of interest if those gaps could be filled in. He . 
could not find any statement about the thickness of lining which had 
been asked for. There was given in Figs 1 (b) a cross-section of the tunnel, 
and the dotted line inside the face of the tunnel looked as though it might 
be 6 inches from the face and that might be the line in question. The 
information, if it could be given, would make it possible to compare the 
thickness of the lining in this case with the thickness used elsewhere. It 
was also a matter of great importance to the contractor, because the 
influence of the concrete in the over-break was affected by the thickness 
of lining ; if the contractor had already to provide a thick lining, the con- 
crete which he lost in the over-break was relatively less important, and 
he might take a slightly different line when blowing his tunnel ; it might 
pay him to insure against the possibility of having to undertake expensive 
trimming by cutting the rock a little wide. On p. 136 reference was made 
to the final cross-section of the tunnel ; what was the average thickness 
provided compared with the minimum thickness asked for ? | 

Referring to the statement on p. 128 that “Consequently, a 40-foot-long 
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travelling steel shutter’ had been sent out from the United Kingdom, 
Mr Lambert asked the reason for the word “‘ consequently.”” Why had a 
length of 40 feet been chosen? He believed that a contractor planning 
the lining of a tunnel would find that the calculation of the economic 
length of shutter was very interesting, and also extremely important to 
him so far as the economic results of his contract were concerned. It was 
probably almost the most important decision which the contractor had to 
make. If one shutter were twice as long as another, it could be agreed 
that it would cost nearly twice as much ; but, having accepted that, there 
seemed to be many benefits which devolved from the longer shutter. For 
instance, the stop ends, which were troublesome in any case, would occur 
only half as often. If the tunnel was to be lined with a pneumatic placer 
it was the common experience that difficulties with that technique, if 
they occurred at all, occurred at the start of the pour; once the concrete 
had reached the crown of the arch and the end of the discharge pipe could 
be buried, everything went much more simply. If the shutter were twice 
as long that troublesome period occurred only half as often. 

In the case described, the “ waiting time’ had been 16 hours after 
filling the shutter, and the Authors had obtained an average of 5 moves 
per week. That meant a total of 80 hours, and there were only 168 hours 
in a week, including the week-end, which probably had not been worked, 
so that rather more than half the effective working time had been occupied 
in waiting for the concrete to go off. It would still be 16 hours with a 
shutter twice as long, so that the effective lost time would be halved. Mr 
Lambert did not want to suggest that in the case in question the shutter 
should have been twice as long, but perhaps the Authors would say a little 
more about their calculations, and their reasons for deciding on a length 
of 40 feet, which on the face of it seemed to be rather short. 

Would the Authors state the cement content of the mix, so that it 
would be possible to compare the richness of that concrete with concrete 
in other tunnels. Mr Lambert thought that those in charge of the work 
on the site had been under a very great disadvantage with the concrete 
which they had had to use, in the first place because only a very small 
proportion of natural sand had been available, and crusher-produced sand — 
was a very unsympathetic material ; with crusher-run aggregate, par- 
ticularly of hard igneous rock, the aggregate was very liable to segregation 
in the handling. Those factors meant that it was desirable to have better- 
than-average facilities to split the aggregate into sizes and re-blend it 
correctly for the concreting, but the Authors had had considerably less 
than the average facilities for doing that. Those who had used concrete 
in any situation which was a little unusual, and where they were trying 
_ to follow a rather special technique, would have found that there was a 
mix and a grading, which would suit their requirements, and, having 
- found that grading it was of the utmost importance to be able to preserve 
ser He did not believe that the Authors had had the necessary facilities 
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to preserve it, and a good many of their difficulties in the concreting might 
have devolved from that lack of adequate control. 

That led Mr Lambert to question the conclusion on p. 133, that the 
method of using the pneumatic placer was unsuitable for tunnels more 
than 15 feet diameter. That might be so, but he thought that that con- 
clusion must be accepted with a reservation until the equipment could be 
tried out under conditions more favourable for concreting. 

An important aspect of lining a tunnel with the pneumatic placer was 
the actual rate of concreting. Whatever the size of the tunnel, the 
concrete had to be put in at such a pace that the wet end of the concrete © 
was kept moving forward at a satisfactory rate, and that satisfactory rate 
must be such that the concrete—any concrete—was completely sub- 
merged and compacted and buried by other concrete before it started to 
go off. It followed from this that, as the size of the tunnel increased, so 
the rate of placing must increase in order to preserve that uniform move- 
ment along the tunnel, and it might be that with a 15-foot tunnel the rate 
of placing by the one placer was not adequate. 

Could the Authors give further data about the rate of placing? Mr 
Lambert had calculated from the figures given in the Paper that each 
pour had been between 105 and 110 yards of concrete, but the Authors 
had not stated whether it was a 3-hour or a 6-hour job; he felt that with 
the placer equipment which had been used, the quicker the rate of em- 
placement, the better would be the concrete. A state of affairs might be 
arrived at where, in a very big tunnel, it was desirable to double the 
equipment, but to arrive at the conclusion that it was necessary to use 
one type of apparatus to do the crown and a different sort of apparatus 
to do the walls was one which he did not think could be accepted without 
exploring the alternatives more fully. 

Mr W. B. Tozer remarked upon the fundamental advantage of 
overlapped drilling and mucking. In a normal cycle, in which drilling, 
blasting, and mucking succeeded each other, the drilling time was regulated 
not by the maximum number of machines which could be crowded into 
the face but by the minimum number of holes which one machine must 
deal with, and the cut-hole pattern usually decided that, particularly if it 
was a burn cut, such as was used in the tunnel in question. : 

In the case described, he thought that six cut holes had been shown 
in the film with which the Authors had introduced the Paper, and in 
addition the driller putting in those six cut holes would probably also have 
to put in the easer holes immediately above and below, which meant 
eight. The drilling time, therefore, if a normal cycle was used, would 
depend on how long it took to put in those eight holes (the six cut holes 
and the two easers) or possibly more. It would be useless to reduce the 
task of the other drills to less than eight holes. It was stated in the Paper — 
_ that only 40-45 per cent of the holes had remained to be drilled after the 
mucking had been completed. The chain-dotted line in Fig. 18 was 
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supposed to represent the top of the muck pile, and it was only the holes 
below that which had to be drilled, and which of course added to the 
length of the cycle, the other holes being drilled while mucking was going 
on. The Authors had also stated that a total of sixty-five holes had been 
drilled, which left twenty-eight to be drilled with seven machines. That 
reduced the total task per machine to four holes or sometimes five in a 
vertical row. In other words, what Mr Tozer suggested was that the 
potential drilling time had probably been halved in the present case by 
using the overlapping system compared with the normal cycle. 


Fig. 18 


He noticed that the Authors had made some criticism of the design of 
the platform and he could imagine that it had given a certain amount of 
trouble in bad ground. Some experimental work had been done recently 
in an endeavour to overcome the more obvious snags in that respect. A 
- much simplified platform structure, which was lighter, cheaper, and much 
- easier to erect, had now been evolved. Tests had been made on a model 
which spanned an 18-foot tunnel and required only one wall hole at the 
end of each beam. It would comfortably carry_a live load at the centre 
of at least 4-ton, which corresponded to about five drillers and machines. 
The beam was simply a piece of pipe about 4 inches in internal diameter, 
with a 1}-inch sprag in high-tensile steel and a split conical clamp which 
_ clamped the sprag when inserted in the hole and centred the pipe on the 

sprag. It allowed considerable misalignment of the support holes and 
therefore overcame many of the difficulties. Another advantage was that 
pieces of pipe were readily obtainable, and in the event of overbreakage it 
was a fairly simple matter to provide a few slightly longer pieces of extra 

pipe somewhere near the face and then pick out the size required. 

Mr William Brown said that as a contractor he was very interested 
in the rate of progress, but he could find no reference in the text to the 
sizes of the tunnels, by means of which he would make comparisons. — It 
would appear from Figs 1 (6) that the tunnels were of about 16 feet equiva- 
lent diameter, whilst the maximum progress was given as 130 feet per 
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week. In Appendix I an average time-cycle of about 14 hours was given 
and, assuming the usual 136-hour working week, that showed a weekly 
progress of about 80 feet, which he thought was very creditable. In the — 
report of the North of Scotland Hydro-Electric Board it was stated that 
their rate of progress in 16-foot tunnels driven in Scotland had improved 
from about 40 feet per week in 1949 to a little more than 90 feet per week 
in 1952. The Board had also stated that in their 10-foot tunnels the rate — 
of progress had gone up from about 70 feet per week in 1949 to about 135 
feet per week in 1952. The majority of those tunnels had all been driven: 
by the modern technique described in the Paper, with light-weight drills 
mounted on air-legs and “ Eimco ”-type loaders filling 2-yard skips on 
2-foot-gauge track, hauled out by Diesel or battery locomotives. 

It was generally agreed that 2-yard skips on 2-foot-gauge track repre- 
sented an economical proposition for tunnels of the size in question and 
it was no surprise, therefore, to read the Authors’ conclusion that their 
1-yard skips had been too light. 

Mr Brown had been surprised to read that the Authors had had no 
trouble from exhaust fumes with Diesel locomotives, particularly since 
the methods of dealing with ventilation had not been all that they might 
have been. Even though poisonous fumes might be avoided, there was 
still the characteristic Diesel smell, and in the United Kingdom there was 
a temptation on that account for labour to invoke the clause dealing with __ 
obnoxious conditions. Mr Brown would advocate where possible using 
battery locomotives in a tunnel. 

Referring to the concrete lining, he had been interested in the Authors’ — 
decision to use a placer for easier handling by native labour and because 
it was less likely to choke the pipes.than a concrete-pump. He agreed 
that there was nothing more frustrating and aggravating than a choked 
pipe-line, particularly where a length of 400 or 500 feet was concerned, 
but he still thought that the concrete-pump had much to be said for it as 
a means of placing concrete for tunnel lining. The merits of the placer, 
he understood, lay largely in the rate at which it was possible to shoot the 
concrete into a shutter, but he thought that undoubtedly a certain amount 
of segregation occurred and that there was not very good control of com- 
paction and the consistency of the concrete. Vibration might also be a 
_ difficulty. He understood that with a concrete placer it was not possible 
to have men using internal vibrators when concrete was being shot in at 
an air pressure of 100 lb. per square inch, and the Authors had resorted 
to external vibrators fitted to the ribs. In the United Kingdom some 
engineers frowned on that, and Mr Brown thought that external vibration 
was very local in its effect. He knew that comparison between concrete- 
pumps and concrete-placers was a question of some delicacy, but he per- 
sonally believed that the concrete-pump was a very much better tool for 
pressing concrete into the roof. Especially in a steel-lined tunnel with 
steel ribs and packing and plenty of voids it was possible to get a pressure | 
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- on a concrete-pump and a consistency in pumping which he did not think 
' was practicable with a placer. 


The. Authors had concluded that difficulties in controlling the flow and 


_ the problem of segregation increased rapidly with larger tunnel-diameters. 


They believed that a diameter of about 15 feet was approaching the limit 
at which a placer could be successfully used for placing the whole arch 


~ and sidewall lining in one operation. Mr Brown thought that that was 
probably correct with a placer, although he admitted that he had not 


_ used one. Recently, however, in the Woodhead tunnels, a combined arch 
and sidewall shutter had been successfully used in a tunnel of about 28 feet 


~ finished diameter ; the concrete had been placed by means of four pumps, 
and the output had reached the maximum of about 3,000 cubic yards per 
week, the average over many months being about 2,000 cubic yards. 


He suggested that just as in tunnel excavation the rate of driving 


depended very largely on the rate at which it was possible to get rid of 


: the muck, so in tunnel lining probably the speed of lining would depend 
mainly on the rate at which it was possible to supply aggregates, sand and 
- cement to the tunnel. 


Brigadier S. A. Westrop explained that he was in a rather fortunate 
position compared with previous speakers, because he knew the works 
described intimately and had examined them during the course of pro- 


_ gress at various stages. 


Certain items of plant, such as the light capacity tip trucks, had been 


: criticized, and he wished to explain that the contract had been of the 


target type; and the Madras Government had already supplied a good 
deal of plant for the job, including tip trucks and crushers, which the 


; contractors had had to take over; in some respects, therefore, the choice 
had been limited. , 


Turning to the question of ventilation, the Authors had referred to the 


use of a 10-horse-power fan and a 15-inch-diameter duct. Brigadier 
_ Westrop thought that 15-inch-diameter ducts were common because steel 
or aluminium sheets were usually rolled not more than 4 feet wide, but 
~ from what he knew of some of the Scottish tunnels he would say that for 


a tunnel of the size and length in question—the maximum headings, he 
~ understood, were at about 2,000 feet—that was about the correct capacity, 


and the question arose of whether the Authors had used the equipment 


correctly. They mentioned that they only sucked. If the pipe was 
brought in up to 200 feet from the face and suction was applied at the same 


time as quantities of good fresh air were being produced from the tools 
_ on the face, that was rather like “ eating one’s own tail,” because the fresh 
- air was being drawn out, and the remainder of the tunnel was being cleared 
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_ opinions on the desirability of using the equipment in the way in which 


only by the inflow from the back. There was sure to be a great deal of 
experience available in that connexion, and it would be interesting to hear 


a had originally been intended that it should be used, namely, to blow 
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after having first cleared the tunnel by suction. When that was done the 
air released from the face assisted the air blown from outside in pushing — 
the bad air out of the tunnel. The Authors had used a booster fan to get — 
sufficient air when the line exceeded a certain length. That booster fan, — 
apparently, had not been reversible, and that might be the reason why, 
having set it one way, they did not change; but what experiments had — 
they carried out on blowing as well as sucking to improve their ventilation ? 
Brigadier Westrop’s third point had already been referred to by Mr 
Lambert and Mr Brown, namely, the use of the placer. Brigadier Westrop 
had used a placer on a smaller tunnel farther south in India, and the walls _ 
had been so solid that no grouting had been found necessary. He did not 
believe that the pump would give such a solid effect. Once the placer 
pipe was buried the concrete was thrown through the pipe with enormous 
force and everything was filled up, so that no places could be found to 
grout if the equipment was handled properly. etoyrnt 
Brigadier Westrop fully agreed with Mr Lambert that 15 feet could 
not be accepted as the limiting diameter of the tunnel in which a single 
shutter could be filled. He had just had a report of some work carried 
out in America with two placers, where apparently two nozzles, 2 feet 
6 inches apart, had been used in the roof of a 40-foot-diameter tunnel, 
placing about 150 cubic yards an hour. It seemed that the essential point 
was the speed with which the work was done. With the placer it was — 
necessary to work at great speed, and the arrangements made to supply 
the concrete to it had to be adequate. If they were, he thought that all — 
the troubles would disappear. The method was fairly new to Great 
Britain and so was apt to be treated with reserve, but in his view it should — 
become standard practice for almost all tunnel linings. He had used the — 
method and had seen what it could do. } 
It was possible in India to train men to carry out any operation as 
efficiently as it could be carried out by British workmen. It was only a 
question of time. The present Paper, and the film which the Authors had 
shown when introducing it, indicated what could be done by training. 
The Indian workman tended to have rather a one-track mind, and it was 
undesirable to take a man off one job and suddenly put him on another. 
He was very painstaking and loyal, and would climb into all sorts of 
dangerous places, seemingly without regard for personal risks. 
*,* Mr P. O. Wolf asked the Authors to provide additional infor- 
mation which he thought would be required if full advantage was to be 
taken in future of the many interesting facts and opinions recorded in _ 
the Paper. ) 
So far as he knew, this was the first mention in the Proceedings of the 
Machkund hydro-electric project. Although the main object of the Paper ) 
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was to deal with a limited number of constructional problems, it would be 
of interest to have a more complete description of the whole scheme, 
including possibly some cross-sections of the diversion dam, of the flume 
channel and aqueduct, of the power station, and of the surge shaft and 
its gates. The dimensions of some of the works and the final electrical 
capacity were of the same order as those of some Scottish schemes, for 
example, Loch Sloy, and engineers would be interested in data enabling 
them to study the similarities and the differences of treatment. 

The value of a record such as the present one lay, to a great extent, in 
the use which could be made of the information in it by engineers faced — 
with similar problems in future. For that reason the critical observations 
in the Paper were particularly stimulating. Could the Authors add to 
them more complete details of the dates of the work and of the conditions 
under which their contract had to be operated, so that some unusual 
features might be more fully understood ? 

Mr C. M. Roberts observed that it was essential that the concrete 
lining of a tunnel connected directly to a hydro-electric power station 
should be absolutely sound throughout its thickness. It was not sufficient — 

_ merely to show a smooth face backed by inferior concrete. Most highland 
waters had properties which attacked concrete and, in the course of time, 
any weakness in the concrete resulted in distintegration at the point 

of weakness. It was inevitable that cracks should form in any continuous 
concrete lining and such cracks admitted water to the heart of the lining. 
Any method of placing concrete in the lining which was likely to give rise 
~ to weakness in the concrete was not therefore acceptable. 
There were three points mentioned in the Paper which seemed to Mr 
Roberts inevitably to give rise to possible weakness, however efficiently 
the method was applied :— 


(1) The trailing end of the shutter had to be filled from the open- 
a ended delivery pipe, giving distinct possibilities of segregation. 
' (2) At the trailing end, concrete had to slide over the shutter and 
then drop freely over a considerable height giving further 
; possibilities of segregation. 
(3) When delay occurred during placing with a long sloping surface, 
ee it was difficult to reinstate the proper action of the placer 
* without having a run of concrete over the surface of that 
; previously placed and that would inevitably lead to weakness. 


For the proper action of the pneumatic placer to be developed it was 
essential that the end of the delivery pipe should be buried. The sooner 
that condition could be achieved the better and that was one reason why 
the pneumatic placer was more suited to small tunnels. 

The Authors had stated that honey-combing at the trailing end of the 
| shutter could apparently be eliminated by placing six batches of mortar 
_ pefore placing concrete. Mr Roberts wondered if there was any evidence 
Ge 
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to show that, although the concrete surface was good, honey-combing 
did not exist behind. The extent of honey-combing appeared to be — 
related to the distance which the concrete had to fall, for in tunnels of 
9 feet diameter and less the fault was not generally apparent. 

The difficulties mentioned above arising from the “intermittent ” 
system of placing could largely be met by placing concrete in the side- _ 
walls in horizontal layers. That could be done by hand placing, the con- 
crete being conveyed to the upper levels of the sidewalls in skips elevated 
by hoists or ramps and being fed into the shutter direct by hand or through 
chutes. Alternatively, two small pneumatic placers could be used with 
shooting “ heads ” at the ends of the delivery pipes to break the velocity _ 
of the concrete. Both placers would travel to and fro to fill the shutter in 
horizontal layers. Such a method allowed the proper preparation of the — 
upper surface of concrete to receive fresh concrete on top of it. All — 
laitance could be removed and, if a hold-up occurred during placing, there _ 
was no question of fresh concrete flowing over the top of the concrete 
below. When the sidewalls were complete the arch could be placed, using 
the pneumatic placer with a reduced drop for the concrete, and the end of 
the delivery pipe could be buried quickly. 

The proper action of the pneumatic placer demanded the highest 
possible rate of delivery of concrete consistent with the capacity of the 
placer. The highest rates of delivery could usually be obtained by mixing 
concrete outside the tunnel and conveying it by means of transit mixers. 

Figs 4 showed that a small splay was formed in the sidewall above the 
kerb. Mr Roberts had found that such a splay tended to break off, 
apparently because of shutter movement and sometimes because of weak 
concrete in the splay, and that better results were obtained by casting a 
haunch to the finished profile extending about 12 inches into invert and 
sidewall before the sidewall was placed. 

Could the Authors give details of the size and position of the inspection 
panels provided in the shutter? They had an influence upon the amount 
which could be done on the concrete after placing behind the shutters. 

Although it would seem that the Authors concluded that vertical 
sidewalls would improve the finished surface when pneumatic placers were 
used, such a design could not always be accepted, since it would decrease 
ies hydraulic efficiency of the tunnel and impair the structural value of the 
— lining. 

The minimum clearance between rock and the finished concrete surface 
scaled, from Fig. 1 (b), about 6 inches. That appeared to be the minimum 
thickness of lining which should be used when mechanical placing was 
adopted, since a smaller clearance would seriously interfere with the flow 
of concrete. Mr Roberts asked if the Authors considered that a larger 
clearance would have been of assistance in obtaining a good quality of 
concrete in the lining. . 

The Authors, in reply to Mr Lambert, said that the thickness of the — 
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concrete lining had been specified as 6 inches minimum. In the first 
tunnel, where the rock had been fairly good, they believed that the final 
average thickness had been of the order of 20 inches. For the flume 
tunnel no figure could be given which was in any sense accurate, because 
in a number of places they had run into difficult ground, as mentioned in 
the Paper, and there had been one hole in the roof 40 feet high, which 
naturally had an effect on the average figure ! 

Mr Lambert had raised the question of the choice of the length of 
shutter. At that time the Authors believed that the 40-foot length 
represented all the steel which they were allowed, and that had settled the 
matter, but they believed that 40 feet was about right. It would have 
been nice to have had it 80 feet long, but the capital cost of the equipment 


would have been excessive, since the first shutter had to have a good many 
additional bits and pieces to convert it for use in the second tunnel. The 


length of 40 feet made it possible to pour in a reasonable time, but it had 


had the disadvantage of repeated joints, and they believed that the best 


answer would be a telescopic form of shutter with continuous placing 
with a pump or placer. That, however, was a very expensive proposition _ 


and would need a very long length of tunnel to justify it. 


The concrete had been volumetrically batched on a 1: 2: 4 mix. 

Several speakers had commented on the pump versus placer problem 
and Mr Brown had remarked that one was on delicate ground in dealing 
with it. Both machines had many good points and inevitably some bad 
ones, and the Authors had had to be very careful about what they had 
said in the Paper to avoid undue bias either way. The operating condi- 
tions had to be taken into account. One of the best points about the 
placer, of course, was the complete (so far as they were concerned) absence 
of mechanical trouble. The rate of placing was limited only by the rate 
at which one could put concrete into it and by the compressor-capacity 
available to pump the concrete out. But the cost of operation was quite 


considerable if the cost of the compressed air was high, and that was also 


a factor to be taken into account. They thought that in the conditions 
in which they had been working a concrete-pump might have suffered 
serious mechanical trouble and it would have been impossible for them 
to manufacture spare parts at site for a machine of that kind, and it was 


doubtful if spares could have been stocked to meet every contingency. 


They had been glad to learn from Mr Tozer that a new form of plat- 
form had been introduced. There was no denying the advantage of 
simultaneous drilling and mucking in reducing the cycle time, and the 
whole of the equipment was much lighter and less costly than that required 
in-the older techniques, so that the new technique seemed to be the answer. 
Particularly in the second tunnel, if it had been possible to take a piece 
of pipe which was a little longer than the standard length to bridge a 


- gap, that seemed to be a very effective way of dealing with the difficulty 


where excessive overbreak had occurred. 
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Mr Brown had suggested that the size of the tunnel was not clear. 
It was true that the Authors had not given the thickness of concrete, 
but the internal size of the linings were given in Figs 1 (b). The concrete 
thickness had, as mentioned above, been designed as a minimum of 6 
inches. Mr Brown’s conclusion that the average progress figure had been 
about 80 feet per week was correct, but that was an average figure obtained 
after the men had been reasonably trained; it had taken a long time to — 
get them up to that figure. Their best week, when everything went right, 
was 130 feet, but figures of 80 or 90 feet in a week were regularly obtained 
in the second tunnel, the week being the same as that normally worked 
in Britain. .Only maintenance work was done on Sundays; sometimes 
the Saturday shift worked on a little to finish a round, but normally 
on Saturday night and Sunday no actual tunnelling work had been in 
progress. 

Mr Brown had expressed interest in the fact that. the l-yard skips had 
been found to be too light, and Brigadier Westrop had explained that for 
certain items of plant there had been no choice. The skips had been 
one of them. They were Indian-made wagons, similar to those used in 
the United Kingdom, but using a somewhat lighter gauge of metal and 
lacking some of the stiffening. The Authors agreed that a 2-yard skip 
would have been much better if sufficiently strong to stand the rough 
treatment and rough loading from a rocker-shovel. 

They had had little or no trouble with the Diesel locomotives. They 
had referred to the care taken in the maintenance of those machines, and 
one man alone had been responsible for filling them with fuel, to make 
sure that it was clean. The atomizers and fuel pumps had been kept in 
first-class condition. In those circumstances the smoke was nil and the 
smell negligible. In those relatively large tunnels it had not been any- 
thing like so serious as the smell of explosives, which had worried them 
at times. 

Mr Brown had also raised the question of the use of internal vibrators. 
There had been time between the actual shootings of the concrete for men 
to use internal vibrators ; they had kept the inspection panels open and a 
certain amount of hand punning had been done in the intervals between 
shots ; but the ordinary pencil type of vibrator had tended to bore its 
way down the shutter and form a very local point of vibration. That had 
tended to draw the “fat” from the concrete to make a circle round the 
vibrator, and the effect had not spread throughout the shutter. Better 

results had been obtained with heavy insertion-type vibrators used ex- 
ternally by mounting them in suitable clamps fitted to the main ribs of 
the shutter, moving them from one position to another following the 
freshly poured concrete. 
Brigadier Westrop had raised the question of experiments in ventila- 
tion. In the earlier stages, when they had been working with only the 
external fans which had reversing ducts, they had carried out experi- 
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ments, but the time had come when with the use of the external fan only 
on a long length of pipe, something of the order of 750 feet in, its effective- 
ness had been very much reduced and it had been necessary to install 
booster fans. The only fans available were one-way axial propeller-type 
and it was obviously impracticable to change them round after each 
blast to either blowing or sucking. The final conclusion reached on the 
basis of experiment had been that they were better placed on suction. 
It had been found that when blowing fresh air into the face (it did not 
matter much whether it came from the compressed air main or the blower 
duct) it tended to churn up with the existing fumes, and they had obtained 
a weaker and weaker mixture, not a pocket of clean air. By blowing 
compressed air at the face the same effect had occurred but gradually, 
with the suction duct working 200 feet away, the face had tended to 
clear and the “ mixture ” had been gradually drawn away. They agreed 
that they had been “ eating their own tail” to a certain extent, but the 
method had ultimately cleared the atmosphere 200 feet from the face, 
which enabled the men to work. The fumes remained down the tunnel, 
and the loco drivers had to pass through them, but the period involved 
was short and it seemed to be the best way of dealing with the problem 
in that particular case. 

It was very interesting to learn that placers were being used in America 
on a tunnel 40 feet in diameter. Perhaps Mr Lambert had put his finger 
on the real point, which was that the materials which the Authors had 
had to use, with the lack of sufficient good river sand and the limited 
facilities for getting the various grades screened out from the crushers 
and then correctly re-proportioned, had been the cause of the difficulty. 
In other words, if it were possible to get the concrete correctly graded 
for the placer it would, apparently, be possible to use a placer on any 
size of tunnel, but, considering the materials and equipment which the 
Authors had had to use, the Paper had given their conclusions quite 


correctly so far as the Machkund Tunnels were concerned. 


The Authors agreed with Brigadier Westrop’s remarks about the 
training of Indians. They could not have wished for men who were 
more willing and more responsive to training or who took a greater pride 
in their job. The only fundamental difference between India and Great 


Britain, once one had got the right group together, was that one needed 


more men, but that was entirely a question of physique and not a lack of 
willingness. 

In reply to Mr Lambert’s request for further data about the rate of 
placing, that had been limited in the Machkund tunnels, not by the capacity 


_of the placer, but by the output of concrete from the mixer. A 1-cubic- 


yard mixer had been used and from that they had averaged twenty 


mixes per hour but not a full cubic yard per mix. They had found that 
they had to cut down the volume of each mix slightly, both to suit the 


size of the trucks they had had available for bringing in the aggregate 
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and also because they had found that it did not pay to try and fill the 
placer too full. The result was that the mixer had turned out an average 
of 15 cubic yards per hour, which was well within the capacity of the 
lacer. 
s The average amount of concrete per length of shutter was about 
100-110 cubic yards, as Mr Lambert had calculated, so the pouring time 
was 7 to 8 hours. They had found it was possible to start concreting 
4 hours after the start of moving the shutter, which gave roughly 12 
hours from the end of setting time to completing a length of concrete. 
The cycle was, therefore, 28 hours, including a 16-hour setting time, 
and so five lengths a week thus fitted very nicely into the 6- aiey working 
week. 

Mr Tozer, the Authors thought, had made a very interesting point 
about the use of the platform having cut down the effective drilling time 
from that required for one man to drill eight holes to.that required to drill 
four holes only. It would be interesting to take it a stage further and 
see if it was possible, by speeding up the mucking, which had been slow 
in relation to the size of the tunnels, to eliminate the mucking time from 
the effective time-cycle. The cycle time would then consist essentially — 
only of the total times for fume clearance, drilling (being the time taken 
for one man to drill eight holes), and loading and blasting ; the mucking 
and drilling of the bottom holes would be done whilst the cut and easers 
were being drilled. In view of the possibilities of that overlapping tech- 
nique, it was, therefore, very interesting to hear that experiments were 
being made with the object of producing a simpler and more adaptable 
platform, which would answer the criticisms put forward. 

In reply to Mr Wolf, the Authors regretted that it had not been possible 
to include a full description of the whole project; they were hardly 
qualified to do so since their activities had been confined to the con- 
struction of the two tunnels. If Mr Wolf was very anxious to have 
details of the other works, the Authors were sure that they would gladly 
be supplied on request by the Chief Engineer to the Electricity Depart 
ment, Madras. 

The conclusions reached by Mr Roberts in regard to the use of the _ 

pneumatic placer were clearly similaz to those of the Authors. At several 

places, subsequent examination had disclosed concealed honeycomb in 
the lining, but that had been an exception rather than the rule. The 
discussion had emphasized the importance of correctly graded aggre- 
gates and rapid placing, conditions which had not been fully realized at 
Machkund, and the Authors were prepared to accept the evidence put 
forward that, given the right conditions, satisfactory linings could nag 
placed in large tunnels with a pneumatic placer. 

The Authors fully agreed with Mr Roberts’s comments regarding the 
splay at the foot of the sidewall shutters and had referred to the matter 
on p. 135. 
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Inspection panels were provided in the shutter throughout its full 
length at two levels on both sides. The first line was about half-way up 
the sidewall and the second about half-way between the springing and 
crown of the arch. 

The Authors had not intended to convey the impression that they 
would prefer to design tunnels with vertical sidewalls in the interests of 
an improved finish. The trouble experienced with “ water marks ” was 
described in the Paper and the Authors merely justified their theory as 
to the cause by the fact that they had rarely occurred in the second 
tunnel, where the sidewalls were vertical. The defect may have been 
peculiar to the conditions obtaining at Machkund. 

The Authors agreed with Mr Roberts that small clearances seriously 
interfered with the flow of concrete when mechanical placing was being 
used but that could be offset by increased punning in the areas affected. 


_ In those tunnels, closely supervised hand punning had been used, and 


it had been found that the tendency to produce segregation or honey- 
combing had not been noticeably greater where the lining was relatively 
thin. 
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. CONFERENCE ON 
THE NORTH SEA FLOODS OF 31 JANUARY/1 FEBRUARY, 
1953 


On Wednesday and Thursday, 16 and 17 December, 1953, a Conference | 
was held at the Institution to discuss the various aspects of the disastrous 
floods arising from the storm surge in the North Sea during the night 
of 31 January/1 February, 1953. The discussions ranged from the 
meteorological conditions causing the surge to the building of permanent 
coast defences designed to withstand the effects of recurrence of the same 
or greater magnitude. 

The following twelve Papers were presented for Sadan — 


“A General Survey of the Damage Done and Action Taken,” by 
J. V. Spalding, B.A., M.I.C.E. 

“ Storm Surges on the East Coast of England,” by Commander W. I. 
Farquharson, F.R.I.C.S., R.N.(Ret.). 

“‘Some Meteorological Aspects of North Sea Floods, with Special 
Reference to February 1953,” by S. P. Peters, B.Sc. 

“Soil Mechanics Studies of Failures in the Sea Defence Banks of 
Essex and Kent,” by L. F. Cooling, D.Sc., and Arthur Marsland, 
M.S8c., Grad.I.C.E. — 

“Design of Sea Defence Works in Relation to Height of Tide and 
Degree of Exposure,” by C. H. Dobbie, B.Sc.(Eng.), M.I.C.E. 

“The Incidence of Storm Surges as a Factor in the Design of Coast 
Protection Works,” by Jack Duvivier, B.Sc.(Eng.), M.I.C.E. 

“Sea Defence Works on a Sandy Eroding Coast with Scanty Littoral 
Drift,” by S. W. Mobbs. 

“Damage to the Kent Coastline, and Restoration Works,” by 
G. Cubley Crowther, O0.B.E. 

“Damage to the Essex Coastline, and Restoration Works,” by 
E. L. Snell, O.B.E., A.M.L.C.E. 

“ Sea Defences in the Wash and Estuary of the Great Ouse in Relation 
to the Tidal Surge of the 31st January, 1953,” by W. E. Doran, 
O.B.E., B.A., B.A.I., M.LC.E. 

“ Flood Damages in Norfolk and Suffolk,” by K. E. Cotton. qa 

“ Damage and Remedial Operations on the Lincolnshire Coast,” by 
F. H. Tomes, 0.B.E., M.I.C.E. 


Amongst those present were a number of eminent engineers from 
Holland and Belgium, some of whom contributed to the discussions. The 
Dutch delegation included :— 


Dr Ir J. A. Ringers, formerly Minister of Public Works and Recon- 
struction, President of Koninklijk Instituut van Ingenieurs ; 
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Professor Ir J. Th. Thijsse, Professor at the Technological University 
of Delft and Director of the Laboratory for Hydraulic Research at 
Delft ; 

Professor Dr P. Groen, Assistant Director of the Oceanography and 
Marine Meteorology Section of the Royal Meteorological Institute 
of the Netherlands at De Bilt and Extra-ordinary Professor at 
the Free University of Amsterdam ; . 

Dr Ir J. van Veen, Chief Engineer of Hydraulic Affairs (Rijkswater- 
staat) and Secretary to the Delta Commission ; 

Dr K. R. Postma, Director of the Weather Service and Aeronautical 
Meteorology Section of the Royal Meteorological Institute ; 

Ir B. Ver Loren van Themaat, member of the Delta Commission ; 

Ir H. Sangster, Secretary of Koninklijk Instituut van Ingenieurs ; 

Ir P. J. Wemelsfelder, Chief Engineer of Hydraulic Affairs. 

The Belgium delegation included :— 

Mr J. Blockmans, Inspector-General, Maritime Services, Antwerp ; 

Mr J. Verschave, Chief Engineer, Director of Civil Engineering 
Department, Belgian Coast. 

A report of the Conference, including the twelve Papers and abstracts 
of discussions will be published by the Institution in a separate volume, 
price 15s. Od. to members and £1 2s. 6d. to non-members, post free. It is 
hoped that this will be available in May. 
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‘¢ The Variability of Concrete and its Effect on 
Mix Design ”’ 
by 
Francis Robert Himsworth, B.Sc., Ph.D. 


(Ordered by the Council to be published with written discussion.)} 


SYNOPSIS 


The current procedure used in the design of concrete mixes to give a certain 


minimum strength involves the assumption that the variability increases as the mean 


strength increases, the coefficient of variation remaining constant. This assumption is 
examined and is concluded to be false, the variability being independent of the mean 
strength, other things being equal. This necessitates a radical change in the design - 


- procedure ; the data necessary for the proposed procedure are given. 


The causes of variation in concrete strength are analysed in detail. It is shown that 
nothing is to be gained from extreme accuracy in weighing the ingredients. Several 
official and unofficial publications purport to show that cement-quality variations 
account for some 50 per cent of the total variation in concrete strength. This is shown 
to be false, being based on faulty analysis of the data; correct analysis shows the 
cement contribution to be only about 10 per cent even when other sources of variation 
are wellcontrolled. It appears that control of workability at the mixer, in conjunction 
with reasonable care in proportioning, gives more effective control over strength than 
is possible by accurate proportioning and by estimation of the moisture content of the 
aggregates. The effects of factors other than those controlled by the designer and the 
mixer operator are summarized. 


INTRODUCTION 


In recent years the design of concrete mixes to achieve the required work- 


ability and strength with maximum economy has been put on a scientific 
basis. It is now a recognized, though not yet common, practice to employ 
a properly designed mix, together with careful control of the batching and 
mixing operation, in place of the formerly accepted method of stipulating, 
say a 1:2: 4 mix, irrespective of the aggregates used and of the properties 
required. An important feature of modern design is the recognition that 
concrete, however made, is variable in its properties, particularly strength, 
and that in the design procedure account must be taken of the variability 
as well as of the average strength. Ifitis required that none, or very little, 
of the concrete should have a strength below some specified value, then, 


because of the variability, the average must be made appreciably higher 


than this minimum ; the greater the variability the greater the gap between 


+ Correspondence on this Paper should be received at the Institution by the 15th 
July, 1954, and will be published in Part I of the Proceedings. Contributions should 


be limited to about 1,200 words.—Sxo. I.C.E. 
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average and minimum. It may be noted at this stage that it is not possible 
to fix any definite minimum such that no test results will be lower; any — 
such minimum would have to be set so low as to be valueless in design. 
By “ minimum ” strength, therefore, is meant a strength below which very 
few, if any, results will fall; for consistency with other published works, 
the number of results expected to fall below the minimum is taken as 
1 per cent. 

This Paper is presented in two Parts. In Part 1 the statistical principles 
used in concrete mix design are outlined, and a radical change in the pro- 
cedure for calculating the average strength required to ensure the specified 
minimum is proposed. Part 2 contains a detailed analysis of the factors 
causing variation in concrete strength, particularly the water/cement ratio. 
From this analysis are drawn several conclusions of practical importance to 
concrete engineers, for example, the effects of batching errors, with a 
comparison of weight and volume batching, and of control of water/cement 
ratio by assessment of workability. It is shown that cement-quality 
variation has in the past been estimated by faulty methods, leading to 
gross overestimates of its effect on concrete strength. 


PART 1 


STATISTICAL PrincipLes Usep In DESIGN 


Modern concrete design involves certain statistical principles, which 
are summarized in this Section. 


Normal Distribution 
When concrete is being madefrom uniform stocks of cement, aggregates, 
and water, and control of proportioning, mixing, and curing, whether good 
or bad, is uniform, test cubes, each made from one batch of concrete, 
rarely exhibit identical strengths. The variation may amount to plus or 
minus several hundred Ib. per square inch about the mean value. The 
extent of this variation depends on, amongst other things, the care taken 
in proportioning. Ifa large number of such cubes are made under reason- 
able uniform conditions and the test results are divided into groups having 
a range of, say 50 Ib. per square inch, then a plot of the numbers of results 
falling in the various groups (see Fig. 1) will be found to lie roughly on a 
bell-shaped curve. Most of the results lie relatively close to the mean 
strength, but there are a few scattered wide on each side. 
Results of concrete tests, made under carefully controlled uniform con- 
ditions give a curve closely resembling a theoretical curve widely used in 
statistical calculations. This is the co-called “normal” curve. It is 
defined by the equation : 


i “ce 


4 
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x denotes observed result 

&s », mean of all results 

y ,, relative frequency with which the observations lie in the 
range x to x + dx 

,, Standard deviation, which is defined by the equation : 


a eee (Ni aiiee: or rie deere eS. ke cee e ae (2) 


oO 


NUMBER OF BATCHES 


0 — 
3,000 4,000 5,000 6,000 7,000 
STRENGTH: LB, PER SQUARE INCH 


HistoGRaAM FOR ConcRETE STRENGTH AT 28 Days 


where x and & are as defined above, N denotes the total number of observa- 
tions, and X denotes summation over all values of x. V is known as the 


“variance,” and is, except that the divisor is (NV — 1) instead of N, the 


mean square deviation from the mean value. The standard deviation is 

the square root of the variance, that is, the root-mean-square deviation. 
The standard deviation is a measure of the degree of spread of the 

results ; a high value indicates very variable results, whilst a low value 


4 indicates relatively constant results. Other quantities may be used to 


express variability, for example, the range (maximum-—minimum) of all 
the results, but the standard deviation is the most reliable of these measures, 
and should be used wherever possible. 

- It will be seen from equation (1) that if the data can be assumed to be 
“normally” distributed, and if the mean, @, and the standard deviation, o, 


be known, then the probability that « will fall in any given range can be 


calculated. Alternatively, a probability, say 1 per cent, can be assumed 


and the corresponding value of x, say %, can be calculated ; out of a large 


number of results, only 1 per cent will fall below the valuee. For 
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“ normally ” distributed data, 1 per cent of the results will, in general, 
be less than 2, where : 


=o 23880 6 8... be 
Factors corresponding to 2-33 for various probabilities are : 
Probability Factor 
2-5 per cent 1-96 
1-075 2-33 
O1 =, 3-09 etc. 


The symbol for the standard deviation is usually written o for an 
accurately known value, or s for a measured value. For simplicity, s will 
be used throughout the Paper. 


Application to Concrete Design 

The application to concrete design is as follows. The strength required 
having been calculated, it must be ensured that little, if any, of the concrete 
placed has a strength lower than this calculated value. It is unreasonable 
to stipulate that none shall have a lower strength, but the small figure of 
1 per cent commonly specified gives ample safety margin. A few designers 
depart from that figure but it is the most usual and will be used throughout 
this Paper. It should be emphasized, however, that it is only when 
considering large numbers of tests that 1 per cent of results will fall below 
this minimum value; in a set of 100 the percentage might very well be 
zero, or 5. Having stipulated that not more than 1 per cent of the results 
should fall below x, the ‘“‘ minimum” strength, the mean strength for 
which the concrete must be designed can be calculated from equation (3). 
For example, if the minimum is 3,000 lb. per square inch, and the standard 
deviation is expected to be about 800 lb. per square inch, then : 


& = 3,000 + 2°33 x 800 = 3,000 + 1,864 = 4,864 Ib./sq. in. 


Coefficient of Variation 


Another measure of variability, closely allied to the standard deviation, 
is the Coefficient of Variation, defined as : 


OV.=0=100s# ....... (4) 


It is thus the standard deviation expressed as a percentage of the mean. 
In some circumstances it is a useful and appropriate measure of variability. 
_ For example, if the error of a testing machine is greater when the strength 

of the test specimen is high, in particular if the error is proportional to the 
load, then the coefficient of variation—in this case a measure of the testing _ 
error—will be the same whatever the actual strength being measured. 
The standard deviation, on the other hand, will not be constant. ‘The 
coefficient of variation would thus be a single measure of variability, 
characteristic of the machine, for any part of the range. If, however, the _ 
magnitude of the error is the same for all parts of the range the standard 
deviation is the appropriate measure of testing error. 
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Standard Deviation and Coefficient of Variation in Concrete Testing 
It is common practice 1, 3 6 8 to use the coefficient of variation as a 


~ measure of the variability of concrete made according to a given system of 


control. It is thus assumed that a given value will be achieved whatever 
the mean strength of the concrete made ; if the coefficient of variation is 
15 per cent, then, if the mean strength is 2,000 lb. per square inch, the 
standard deviation will be 300 Ib. per square inch; but if, other things 
remaining equal, the mix is altered to give a mean strength of 6,000 lb. 
per square inch, the coefficient of variation will remain at 15 per cent, and 
the standard deviation will thus be 900 Ib. per square inch. 

- It seems to have been assumed that this is the case; the variability of 


- concrete is commonly expressed as a coefficient of variation, without 


reference to the mean, and the current design procedure is based on this 
assumption. So long as only a narrow range of concrete strength is con- 
sidered (for example road concrete, usually designed for 5,000 Ib. per square 
inch), it is immaterial which is used as the typical measure of variation. 

In general civil engineering work, however, different situations call for 
widely different strengths, and it is important to know whether or not the 
coefficient of variation remains constant, other things being equal, over a 
wide range of mean strength. Available data do not justify the assumption 
that it is independent of mean strength. It is, a priort, just as plausible an 
alternative assumption that the standard deviation is unaffected by a 
change of mean strength. A main object of this Paper is to examine the 
evidence for these two hypotheses, and the effect on concrete design of 
adopting one or the other. 


The Combined Effect of Several Sources of Variation 
Suppose the strength of concrete to be affected by two or more separate 
causes of variation, say cement-quality variation and variation in water/ 


cement ratio. If only one cause, cement variation, operates, the strength 


variation can be expressed by the standard deviation, s,. If only the 
other cause operates, the resulting standard deviation is sg. It is required 
to find the standard deviation of the concrete strength when both ‘causes 
operate together. It is not, as is frequently assumed, (s, + s2); the 
correct expression is: 

g2 = 5,2 ++ 592 


or V=Vi+ V2 


that is $= V 512 + 852 

The same principle governs the addition of ranges or “ total variations.” 
The range is approximately a given multiple of the standard deviation, and 
if two or more ranges, associated with different independent sources of 
variation are to be combined, the correct estimate is, as for the standard 


~ deviation, the square root of the sum of the squares. The literature on 


1 The references are given on p. 194. 


168 HIMSWORTH ON THE VARIABILITY OF CONCRETE 


concrete contains many examples of the wrong method; the individual 
“total variations ” are added to give the overall “ total variation.” This 
leads to serious miscalculations. 


“ Total Variation” as a Measure of Variability 

It is common practice to express the variability of pars estimated 
from a number of batch strengths, as the “ total variation ” or “ percentage 
tatal mana tions: The “total variation” is better pe as the 

“ range.” 

The range is often, and properly, used as a measure of variability, when 
a number of small groups are involved ; the mean of several ranges can 
give a reliable measure of variability. The number of groups should be 
twenty or more, and the number of observations in each group, preferably — 
not more than about six, and certainly not more than twelve. Otherwise 
the range is an unreliable measure ; that is to say, it may vary considerably 
in two sets of observations, even though the true variability is the same for 
both. This is because the range is entirely governed by the extreme 
observations, and in sampling, say, a “ normal” population it is always 
possible that an unusually divergent result may be derived, giving an 
apparently large variability. The use of the range based on one set of 
results is, therefore, inadvisable. In order to measure the degree of varia- 
tion, the standard deviation, which is the most efficient measure of variation 
should be calculated. To quote only the range of a considerable number 
of results is equivalent to discounting much of the information on varia- — 
bility contained in the results. 

If the standard deviation is known, then it is quite justifiable to cal- 
culate from it the probable range of a set of results ; for example, to state _ 
that out of 100 results, “normally ” distributed, only one or two are 

likely to lie outside the range # +- 233s. But this is only an expected — 
result ; the actual number may well be zero, or say 5. To carry out the 
reverse calculation, that is, to state that the range of 100 results is 2,000 
lb. per square inch, and hence estimate the standard deviation is inad- 
visable, and gives an uncertain estimate. The correctly calculated 
standard deviation is, on the other hand, a reliable estimate of the true 
value if 100 results are available. 

It is strongly suggested that the practice of quoting the range (under 
any name) should be abandoned, and the standard deviation should be 
calculated in all cases. Strength data are not acquired without consider- 


able expense, and it is foolish to discard part of the information they 
contain. 


EVIDENCE ON THE RELATIONSHIP BETWEEN MEAN AND Sraxpax : 
DEVIATION 


It is not easy to find large bodies of reliable data from which to estimate 
the relationship between mean strength and standard deviation. The ideal 


o* ee 
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would be to have considerable numbers of test results from a site at which 
concretes of widely different mean strength were being made under identical 
systems of control and supervision. If such data could be accumulated 
for various systems of control they would be of the greatest assistance in 


Fig. 2 
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setting up a rational method of concrete design. Meantime, however, — 

there exist in the literature sufficient data to justify a review of current 

design procedure. Attention will be confined here to examining whether 


“the data support the hypothesis that for a given level of control, the co- 


efficient of variation is independent of the mean, or the hypothesis that the 
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standard deviation is independent of the mean. It is possible, of course, 
that neither is true, but this is a refinement, as will appear. 

Two useful collections of results are quoted by Sparkes® and by the 
Road Research Laboratory.2 Sparkes shows, in his Fig. 1, the coefficient 
of variation plotted against the mean, for nineteen jobs. The Laboratory 
give a similar graph,? but instead of the standard deviation, the “ percen- 
tage total variation ” is plotted, that is, half the difference between the © 
maximum and minimum result, expressed as a percentage of the mean. 
This measure was used because the coefficient of variation could not be — 
calculated in all cases from the information available. It is roughly a 
constant multiple of the coefficient of variation if the numbers of results for 
each point are about the same. It could reasonably be 2-24 times the co- 
efficient of variation. Although the degree of control was not the same on 


Fig. 3 wie 
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all the sites, these data are of particular value in that they do represent 
practical conditions, and not laboratory investigations. 
Mr F. N. Sparkes has very kindly made available the data on which 
both curves were based. These are given in Table 1. There are twenty- 
five sets of results; for nineteen of them the standard deviation was 
calculated, but in six cases only the range had been recorded. For the 
latter, a rough estimate of the standard deviation has been made, based on ~ 
the range and the number of results; these are shown bracketed, and 
it should be realized that they are subject to a considerable uncertainty. 
There is no apparent trend in the standard deviation, but the coefficient of 
variation falls steadily as the mean strength increases. Fig. 2 shows (a) 
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TABLE 1.—MEAN AND STANDARD DEVIATION OF CONCRETE STRENGTH 


k Mean Standard : | Coeffici 
Site No. of tests | strength: | deviation : re Naat ane 
Ib./sq. in. 1b./sq. in. ee per cent 
A 64 2,550 830 3,800 32 
B 91 2,600 610 2,890 23 
C 85 2,870 750 3,210 26 
D 169 3,640 880 4,400 24 
E 50 3,930 800 4,280 20 
F 114 4,340 850 3,690 20 
G 231 4,340 870 4,240 20 
H 48 4,460 800 4,150 18 
I 167 4,630 1,010 3,680 22 
J 48 4,820 810 3,140 17 
K 28 4,850 830 3,500 17 
L 95 4,960 700 3,500 14 
M 1,614 5,170 570 3,950 ll 
N 48 5,230 860 3,360 16 
O 72 5,460 920 3,800 17 
Pp 48 5,600 670 3,400 12 
Q 54 5,630 840 3,600 15 
R 23 7,400 760 2,800 10 
——S) 44 8,300 870 3,280 10 
a 900 3,720 (680) 4,450 (18) 
U 718 4,000 (360) 2,150 (9) 
V 150 4,100 (710) 3,840 (17) 
Ww 150 4,680 (710) 3,840 (15) 
x 986 5,350 (700) 4,640 (13) 
ay 56 6,100 (850) 3,890 (14) 
“Average 802 
_~ (A—S) 


standard deviation, and (b) the coefficient of variation plotted against mean 


strength. Allowing for some scatter arising from differences in degree of 


control, and from the rather small numbers of tests in some of the sets, 


it may be concluded that the standard deviation is independent of the 
‘mean strength. The (unweighted) average is 802 lb. per square inch. 
“The curve at the bottom of Fig. 2 corresponds to a constant standard 


deviation of 800 Ib. per square inch. The observed points clearly cluster 


~ round this line. 


Fig. 3 is a statistical control chart for standard deviation, using a mean 
value of 800 lb. per square inch; the limits are those appropriate to the 


number of observations represented by each point for a probability of 


1 pot cent.* Itis evident that the data, with the exception of three points, 
are consistent with a uniform standard deviation of about 800 lb. per 


“square inch, and it seems reasonable to assume that on sixteen of the 


2-33 
ie aA 


 * Control limits = 800 ( ) ; n = number of observations. 
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nineteen sites the level of control of batching gave a value of about 800 Ib. 
per square inch ; on one, control was worse, and on two it was better. 

In Table II of the A.S.T.M. “ Report on Significance of Tests of Con- 
crete and Aggregates,”8 the results of one hundred tests each on 
1:7,1:5, 1:4, and 1:3 concretes are summarized, the average strength 
and coefficient of variation being quoted. These figures are given in 
Table 2 below, together with the standard deviations calculated from them. 


TABLE 2.—AVERAGE STRENGTH AND STANDARD DEVIATION OF CONCRETE 


(A.S.T.M.) 
Average Coefficient of Standard 
Mix Number of compressive variation : deviation : 
tests strength : per cent db./sq. in. 
Ib./sq. in. . 
1:7 100 1,784 12-88 230 
1:5 100 2,566 10-74 276 
1:4 100 33122 8-57 268 
Less 100 3,504 7-75 272 


Average *262 


* Root mean square. 


It is apparent from inspection that the coefficient of variation decreases 
steadily as the mean increases ; the standard deviation on the other hand 
remains practically constant, with no trend. It can be shown that there 
is no real evidence of variation in the standard deviations ; the maximum 
difference from the average value is 32 Ib. per square inch, which is negli- _ 
gible ; it could well arise from chance variations if all four values were 
estimates of acommon value. The data of Table 2 thus strongly support 
the hypothesis that the standard deviation is the same (other things being 
equal) whatever the mean strength. 

Other data, covering narrower ranges of meam strength, support the 
conclusion that the standard deviation is not dependent on the mean, 

The published evidence, therefore, supports the hypothesis that, other 
things being equal, the standard deviation of concrete strength is indepen- 
dent of the mean strength, within limits wide enough to cover all cases of 
practical importance. : 

An exception to this general statement should be noted; it relates to the — 
variability of concrete tested at different ages. The strength increases with 
time in the manner shown by the curves on Fig. 1 in reference 3 in which 
strength is plotted against water/cement ratio for ages of 1, 3, 7, and 28 
days, and for 3 months, and 1 year. It has been found that the diagram 
can be considerably simplified if, instead of the water/cement ratio, the 
cement/water ratio is plotted, since this gives a straight-line graph, up to a 
cement/water ratio of 2-5, apart from deviations at very high strengths 
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—more than 8,000 Ib. per square inch—in the case of the 3-months and 
l-year graphs. The fitted straight lines and observed points—scaled from 
Fig. 1 of Road Note 4—for 1, 3, 7, and 28 days are shown in Fig. 4. For 
~ strengths up to 7,000 lb. per square inch the fit is very good indeed, and it is 
suggested that the cement/water ratio, denoted by 7, should be used in 
place of the water/cement ratio, because this gives a simpler graph, from 
which it is much easier to read off the ratio required to achieve a given 
_ strength. 

The effect of inaccuracy in cement/water ratio on concrete strength is 
- discussed fully in Part 2 of this Paper. If the actual ratio varies around 
the target figure, with a standard deviation s(r) say, then the resulting 


Fig. 4 
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variation in concrete strength, assuming for the moment that only variation 
in r causes the strength to vary, is given by : 

ba 
s(%) = s(r) Sr 
It has been seen that 82/5r is constant at a given age, and so therefore is 
s(x). But d2/dr, and hence s(x) are different at different ages. 
~ ‘The values of Sz/8r for ordinary Portland cement at ages of 3 days to 


1 year are as follows : 
A 8a/Sr (1b./sq. in. per unit 


Age when tested : change in 7) 
3 days 1,790 
Tips 2,570 

28.07; 3,690 
3 months 4,600 — 
_ 1 year 6,350 
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The variability thus increases as the age increases, that is, for a given 
concrete mix, as the strength increases. This does not, however, invalidate 
the statement made in the above-quoted hypothesis, which refers to 
different concrete mixes tested at a given age. 

The values of 52/8r for a given value of r are closely proportional to the 
strength corresponding to that value of r. In other words, for a given 
mean value of 7, the nature of the variation is such that the coefficient of 
variation is the same at all ages. This is easily seen to be the case : 


s(x) = s(r) da/5r 
But 5z/8r is proportional to €, the mean strength ; now writing kx for 
dz/dr gives : 


s(x) = k& s(r) 
C.V. = 100 s(x)/# = 100 ks(r) = constant 
As is shown in later sections, variation in cement/water ratio is only one 
factor contributing to concrete-strength variation, and it does not follow 
that the overall coefficient of variation is the same at all ages. 
The effect of the conclusion given in the above-mentioned hypothesis 
on the design of concrete mixes should now be examined. 


CaLcuLATION OF MEAN STRENGTH TO WHICH CONCRETE MUST 
BE DESIGNED 

Current Method 

The method in current use 1, 3, °» will be described first. A certain 
“minimum ”’ strength is specified ; this is usually taken to be that strength 
below which, in the long run, not more than 1 per cent of batch strengths — 
would fall. The strengths are assumed to be “ normally ” distributed, an 
assumption which appears to be reasonably close to the truth. The current 
method assumes that, for a given level of control, the coefficient of variation — 
is independent of the mean strength. 

For a given mean strength, %, and standard deviation, s, the value 
_ below which 1 per cent of the strengths will, in the long run, lie, is given the 
equation for “ minimum strength ” : 


tg = F — 2:33 PS Ge eae 
Since C.V. =v = 100 s/¢ 
s = v&/100 


2 = £ — 0-023380 € 

= € (1 — 0-0233u) 
| . Zt Gol(1 —'O-0283P) sao wap.) ok TO? 
The concrete is designed to give a strength @, as calculated from equa- 


tion (6). To do this, the value of the coefficient of variation corresponding _ 
to the system of batching, and of control generally, which it is proposed to 
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use must be known. Values have been suggested for the ratio x/# 
( = 1 — 0-02330) to be expected with various levels of control. For 

_ example, in reference 3 a Table is given covering three levels of control. 
This is reproduced in Table 3, to which has been added a column giving the 
coefficient of variation. 


TABLE 3.—CONTROL FACTOR AND COEFFICIENT OF VARIATION FOR THREE 
LEVELS OF CONTROL 


(Reproduced from Road Note 4) 


Control factor, 
Conditions 10025 CVs 
¢ =——— 


Very good control with weigh-batching, moisture determina- 


tions on aggregates, etc. ; constant supervision c : 75 10:8 
Fair control with weigh-batching . : : : 60 17:2 
Poor control: volume-batching of aggregates . : ‘ 40 25-8 


t The procedure is to decide which level of control will be used, and then 
apply the control factor c to the specified “ minimum ” strength. 
Design strength = %=100x/e . . - + (@) 

The validity of this procedure depends on the truth of the assumption 
that the coefficient of variation is the same, whatever the mean strength. 
~ As has been shown above, it is much more likely that the standard 
deviation is the same whatever the mean strength. This leads to a different 
~ method which is described below, and which it is suggested should be used, 
at any rate until a much fuller analysis of experimental data has been 
undertaken. There is no doubt that the proposed method is much nearer 
~ the truth than the current method. 


_ Proposed Method 
The proposed method, in which the standard deviation is taken to be 


independent of the mean strength, is even simpler. From equation (5) : 
! Bee g EDT A aa eopiuriepan te Ane (B)r" 
‘Thus, given s, 2:33s is added to the “ minimum ” strength, giving the 
mean strength for which the concrete must be designed. All that is now 
necessary is to provide a Table giving 2-33s for various levels of control, 
~ corresponding to Table 3. Some data can be found in the literature on 
_ which to base the figures for a few levels of control, and a provisional 
Table is given in Table 4. In later sections are analysed the sources of 
variations contributing to the overall variation, and it is shown that the 
af results of such an analysis are consistent with the values of the standard 
_ deviation used in Table 4. 
.. oe 


a = 
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TABLE 4.—STANDARD DEVIATIONS AND VALUES OF (MEAN—MINIMUM) 
STRENGTH FOR VARIOUS LEVELS OF CONTROL 


_——_— 


Standard | (Mean—minimum), 


Level of control deviation, 8 : L— Xi 
Ib./sq. in. | 1b./sq. in. 
Excellent . é 400 930 
Very good . A 500 1,160 
Good . ; : 600 1,400 
Fair. : 2 800 1,860 
Poors < ‘ 1,000 2,330 


“Uncontrolled”. 1,200 2,790 


No attemptis made at present to describe in detail the methodsnecessary 
to achieve these levels of control. Briefly, however, it may be said that :— 


(a) “Excellent control” involves great care in proportioning, 
accurate estimation of the moisture content of the aggregates, 
or alternatively accurate control of the water content of the 
mix by controlling its workability, and very good supervision. 

(6) ‘‘ Fair control ” would apply to reasonably good volume batching, 
but without control of moisture content of the aggregates, 
the water addition being judged by the mixer operator. It 
represents a reasonable standard of work by the methods 
in use before deliberate control was introduced. 

(c) ‘‘ Uncontrolled ”’ refers to slapdash work in which mix proportions 
vary widely. It would not normally be found in civil engineer- 
ing work of any importance. 


Difference between Current and Proposed Methods 

If the two methods are applied to concrete of one given strength they 
are obviously identical, provided the standard deviation used in the pro- 
posed method is, for the mean strength in question, equivalent to the co- 
efficient of variation used in the-current method. When they are applied 
to concretes of widely different strength, however, they inevitably lead to 
very different conclusions. As an illustration, let it be assumed that the 
three levels of control given in Table 3 are equivalent to the “‘ very good,” | 
“ fair,” and “poor” of Table 4—this would make the methods agree 
approximately for concrete with a mean strength of 4,000 lb. per square 
inch. Table 5 gives the calculated mean strength by both methods for 
concrete with “ minimum ” strength ranging from 2,000 to 6,000 Ib. per 
square inch. 

The actual figures depend on the values taken for the standard deviation 
(S.D.) and coefficient of variation (C.V.), but the important feature, which 
does not depend on the particular values taken, is that the current method 
greatly exaggerates the mean strength required to achieve a high minimum, 
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TABLE 5.—MEAN STRENGTH CALCULATED BY CURRENT AND PROPOSED 


METHODS 
Method of calculation . , ; : Current Proposed 
Level of control . i : 4 | V.G. | Fair | Poor | V.G. | Fair | Poor 
C.V. (per cent) or S.D. (Ib. per sq.in.) . | 10-8 | 17-2 | 25-8 | 500 | 800 1,000 
rs gy} el@| || © 

Minimum 2,000 é c . | 2,670 | 3,330] 5,000} 3,160 | 3,860 | 4,330 
strength : : 3,000 s . | 4,000 | 5,000] 7,500} 4,160 | 4,860 | 5,330 
Ib. persq.in. 4,000 é ; . | 5,330 | 6,670] 10,000 5,160 | 5,860 | 6,330 

5,000 : : . | 6,670 | 8,330) 12,500) 6,160 | 6,860 | 7,330 

6,000 é ‘ . | 8,000 | 10,000) 15,000} 7,160 | 7,860 | 8,330 


pe 


- particularly if control is not very good. Some of the strengths in columns 
(2) and (3) in Table 5 are not practicable, that is, they suggest that the given 
minimum could not be achieved except with “ very good” control. The 
proposed method, however, suggests that they could be achieved with 
“fair” or even “poor” control. It is, of course, unlikely that any 
attempt to make very-high-strength concrete would be made without 
reasonable supervision, but the standard represented by “‘ very good ” 
control is a very high one, by no means common today, and unknown not 
many years ago. 

The reason for the different results may be illustrated as follows: If 
concrete has a mean strength of 4,000 Ib. per square inch, with ** fair ”” 
control, the minimum strength of this concrete,-according to the current 
method, is 60 per cent of 4,000 = 2,400 Ib. per square inch, that is, 1,600 lb. 
per square inch below the mean. If the mean is increased by 1,600 lb. 
per square inch to 5,600, this does not raise the minimum to 4,000; the 
_ minimum is now 60 per cent of 5,600 = 3,360. The reason is that the 

coefficient of variation is assumed to remain constant, so that the standard 
deviation increases, when the mean is raised from 4,000 to 5,600; that is, 
it is assumed that, by increasing the mean, the variability is automatically 
increased. Therefore, the mean must be increased still further to account 
for this. If itis raised by 4,000—3,360 (= 640), it becomes 6,240, and the 
minimum is now 60 per cent of 6,240 = 3,744 lb. per square inch. This 


process of increasing the mean, first to allow for the difference between the 


specified and the actual minimum, then to allow for the consequent increase 
in variability, goes on indefinitely until a value of 6,670 lb. per square inch 
for the mean is reached asymptotically. In the proposed method, on the 
other hand, only the first step is required, since increasing the mean does 
not involve an increase in variability. 


Summary AND ConcLusions: Part 1 ; 


‘The method at present used for designing concrete mixes to give a 
certain minimum strength has been examined, and it is concluded that the 


eee 
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method is based on a false assumption, namely, that the coefficient of 
variation is, other things being equal, independent of the average strength — 
of the concrete ; in other words, the variability increases with the average 
strength. Available evidence strongly suggests that this is not so: the 
variability is the same, other things being equal, whatever the mean 
strength, over a wide range including all cases of practical importance. A 
design procedure based on this assumption is described. The two methods 
can lead to very different conclusions, especially when the minimum 
strength required is high. 
Part 2 deals with the effect of the various factors influencing concrete 
strength, and an attempt is made to relate them to the observed variability. 


PART 2 
Factors Arrectine ConcrETE STRENGTH 


In order to achieve the desirable object of reducing variations in concrete 
strength, it is first necessary to identify the causes of variation, estimate 
their effects, and calculate the improvements to be expected if some of 
them are reduced or eliminated. Such an analysis has been attempted by 
several authors, but in general the methods used have been erroneous— 
particularly in the estimation of the combined effect of several causes of 
variation ; in view of the importance of the matter it is desirable to 
consider it in some detail. 

If concrete is made from suitable materials, in suitable proportions, 
properly mixed, compacted, and cured, its strength, to a first approxima- 
tion, depends only on : 

(1) the quality of the cement ; 
(2) the water/cement ratio (which will vary owing to batching errors) ; 
and (3) testing errors, that is, random variations in the measured strength 

j of apparently identical pieces of concrete. 

It is assumed, of course, that the mix used is capable of being compacted, 
and does not segregate. 

These factors will be examined, and the extent of the variability 
resulting from them estimated. The water/cement ratio depends on the 
control of batching, etc.; its variation is a complex function of several 
causes, and needs detailed analysis. 


Testing Errors 


By “ testing error” is meant the variation between the strengths of 
cement cubes which are apparently identical (made from the same materials, 
with the same proportions, and, in particular, the same water/cement: 
ratio) and which are mixed, compacted, and cured in as nearly as possible 
the same way. Such cubes do not give identical strengths, for reasons 
which cannot be identified, and the variation is denoted by “ testing 
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error.”* Iftwo. operatives prepare cubes: made from “ identical ’’ mixes, 
and follow the same procedure throughout, the differences in strength 
include all sources of testing error. Cubes taken from the same batch of 
concrete, prepared by the same operative, cured in the same tank, etc., will 
show rather less variation, since some of the factors, such as the operative’s 
“personal error,” curing temperature, etc., are the same for all cubes. 
It is not easy to find or obtain data which enable a detailed analysis of the 
testing error to be carried out, but relevant literature contains data on 
which to base an estimate of overall testing error. 

In a laboratory investigation Williams? found a standard deviation of 
about 150 lb. per square inch for testing error, using 1:6 and 1:7 con- 
cretes. Data given by Graham and Martin® have been analysed by 
statistical methods, leading to the following estimates :— 


(1) Small experiment on sampling and testing (see Appendix 1) :— 


Testing error standard deviation = 150 lb. per sq. in. 
Sampling ” ” ” = 57 ” ” ” 
The latter is so small that the true value may well be zero. 
(2) Larger set of results (see Appendix VIII of reference 6) -— 
Testing error standard deviation = 266 lb. per sq. in. 
This is derived from a figure of 188 lb. per square inch for the 
standard error of the mean of two results. If the tests were 
completely independent the standard deviation for a single 
result would be 188 «/ 2 = 266, but since they were not 
independent the true value is likely to be rather less. 
(3) Main body of data in Table XI of reference 6 ; these refer to site 
concrete :— 


Testing error standard deviation = 304 Ib. per sq. in. 


It appears, therefore, that while a standard deviation of about 150 lb. 


per square inch is attainable in a well-equipped laboratory under ideal 


conditions, a figure of about 300 lb. per square inch should be used for work 
on site, even with a good standard of control. 


Variations in Cement Quality 


Various authors have recorded tests on several samples of cement, and 
have deduced from the results that cement variations are responsible for a 
large part of the variation in concrete strength. These deductions tend to 
be misleading, since the removal of the cement-quality variations would 
not reduce the variability of the concrete strength to anything like the 


_* This name is not a particularly exact one; the variation does not all arise from 
the process of testing, and the word “ error’? does not mean an avoidable mistake. 


~ “ Testin g error ’’ means the variation in test results arising from the process of sampling, 


cube-making, compacting, curing, and testing in the machine. It cartnot be eliminated, 
although greater skill and care on the operator’s part may reduce it. 
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extent implied. It is, however, important to know what variations in 
cement-quality may be expected; the methods of assessing variability 
normally adopted are inadequate, and lead to serious over-estimates, 
since other sources of error are included. There is no fundamental diffi- 
culty in estimating the true variability, but because of other sources of 
variation it is necessary to plan and analyse the experiments correctly, and 
to work on a scale large enough for reasonably precise estimates to be made. 
The method usually adopted is to test each of a number of batches of 
cement, using say the British Standard test for compressive strength, and 
to assume that the variation observed among these batches is equal to the 
variation in cement quality, ignoring the effects of testing errors, etc. To 
illustrate the point, an analysis will be given of the data quoted by Graham 
and Martin © for a series of tests specifically designed to measure the effect of 
cement-quality variation. nr 

The data consist of the strengths for a series of forty-two batches of 
concrete made during a period of continuous running under well controlled 
conditions. From each batch four test cubes were prepared; two were 
tested after 7 days and two after 28 days. Samples of cement and aggre- 
gate were taken from the materials used for each batch, and the moisture 
content of each of the three grades of aggregate was determined, so that 
the cement/water ratio for each batch was estimated as accurately as 
possible. From the samples of cement and dry sand, four test cubes were 
made according to B.S. 12; two were tested after 7 days and two after 
28 days. The object was to assess cement quality from the B.S. (mortar) 
cubes (Graham and Martin call this the “ cement ” test) and compare the 
“cement variation ” with the total variation in the concrete tests. The 
“ cement variation,” expressed as the total variation, or range, of the forty- — 
two mortar tests, was found to be 2,595 Ib. per square inch at 28 days. 

The conclusion reached was that cement variations account for a varia- 
tion in concrete strength of 2,100 lb. per square inch, equal to 48-2 per cent 
of the total variation in concrete strength, which was 4,350 lb. per square 
inch. The range of the mortar tests is 2,100 (7,480 maximum minus 
4,885 minimum minus 500 for sampling and testing errors). As stated 
on p. 167 above, it is wrong to add the standard deviations (or ranges) for 
two separate sources of variation: they should be squared and added ; 
the square root of the sum gives the combined standard deviation. ear 

The experimental results can be analysed by statistical methods, leading 
to much more precise conclusions than can be reached by simple inspection ; 
this is done below. a 


Effect of Cement/Water Ratio 

The cement/water ratio ranged from 1-89 to 2-22, with a standard 
deviation of 0-0875. The consequent standard variation in concrete 
strength at 7 days is 0-0875 x 2,570 = 225 Ib. per square inch, and at 
28 days 0-0875 x 3,700 = 324 Ib. per square inch. These account for the 
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greater part of the batching-error standard deviations, 299 and 462 lb. per 
square inch respectively. 


Analysis of Variations in Concrete Strength 

Variations in cement-quality must affect both mortar and concrete 
strength. Both are also affected by other sources of variation, but it is 
assumed that cement-quality is the only factor which affects both tests 
equally on every batch, that is, which makes them both give high or low 
results. Other sources of variation are assumed to be random, for example, 
testing error and batching error. If there were no batching errors in 
making the concrete, the concrete strength could be calculated from the 
mortar strength, and would differ from the calculated value only because 
of testing errors, but, owing to batching errors, the differences will tend to 
be greater than those arising from testing errors only. The extent of the 
difference between the calculated and observed values can be estimated 
by “ Regression Analysis,” in which the total variation of concrete strength 
over the forty-two batches is divided into two parts :— 


(1) Variation ‘‘ due to regression” or the variation which can be 
accounted for by mortar strength variation, that is by cement- 
quality variations. 

(2) The remaining variation, which is attributed to batching and 
testing errors. 


These calculations have been carried out for 7-day and 28-day strengths. 
Details are given in Appendix 2, and the main conclusions are as follows :— 


(a) The testing error standard deviation, for the mean of two tests, is 
188 Ib. per square inch. If these tests were entirely indepen- 
dent, the error standard deviation would be 188 »/ 2 = 266 lb. 
per square inch. In fact they were not independent, and the 
true standard deviation may be rather less. 

(b) Cement-quality variation accounted for standard deviations of 
227 Ib. per square inch at 7 days and 253 |b. per square inch 
at 28 days. These cannot be regarded as different and a mean 
value of 240 may be taken. Taking + 2°33 x S.D. (the 

~ standard deviation) as the range which includes practically all 
results gives -- 560 Ib. per square inch, or a total range of 
1,120 Ib. per square inch. This is considerably less than the 
figure of 2,100 given by Graham and Martin.® 
_(c) Batching errors account for standard deviations of 299 at 7 days 
and 462 Ib. per square inch at 28 days. If these are expressed 
as percentages of the mean strengths (that is, as coefficients of 
_ variation) they amount to 7-5 and 8-0 per cent respectively. 
This is an interesting confirmation of the deduction given on 
pr iia: 
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(d) The above three sources of variation operate independently, and 
to find the resulting standard deviation when any two or all of 
them operate the square root of the sum of the squares must 
be calculated. The following figures are the result :— 


r 7 days 28 days _ 
Testing error (mean of 2 tests) : 188 Ib./sq. in. 188 lb/sq. in. 
Batching error : 299 ao 462 mi 
Cement-quality variation : 240 7 240 en 
Batching + testing: 343 -f 499 =) 
Cement + testing : 305 a 305 a 
Cement ++ batching + testing : 427 23 553 * 


From the data given in reference 6 for routine concrete making can be 
found the following standard deviations. 


7 days 28 days 
Testing error (single test): 304 Ib./sq.in. | 304 Ib./sq. in. 
Batch-to-batch variation; that is, - 
cement -++ batching + testing 
(mean of two cubes) : 489 ss 540 oF 
Cement + batching 439 " 495 mR 


These are in reasonable agreement with the previous figures, except that 
the testing error is somewhat greater. 

If cement-quality variation were completely eliminated, the standard 
deviation would be reduced, at 7 days, from 427 to 343 lb. per square inch, 
that is, by 20 per cent, and at 28 days from 553 to 499 lb. per square inch, 
that is, by 10 per cent. There is thus little to be gained from reducing 
cement variation, contrary to the conclusion reached elsewhere. This 
statement applies only to the Heathrow data,® and requires confirmation 
for cement obtained from a number of sources. 


Relationship between 7-day and 28-day Strength 

< It may be noted that there is no evidence from these forty-two batches’ 
_ that there is any variation, from batch to batch, in the difference between 
7- and 28-day strength. The average difference is 1,975 Ib. per square 
inch (mortar test) or 1,759 (concrete test). The observed variations can 
well be accounted for by experimental error. The data do not support 
Graham and Martin’s conclusion,® based on the ratio of the strengths but 
taking no account of batching or testing errors, that the cements varied 
in rate of hardening. There must be some variation, but it is too small to 
be detected even in this quite large experiment. 


Batching Errors 

The making of controlled concrete is simply the technique of reducing 
batching errors, and the subject is, therefore, of great importance. Batch- 
ing errors are the main source of concrete-strength variations, and are under 
the control of the site engineer. It would not be difficult to lay down 
arbitrary, but reasonable, values for the standard deviation to be associated 
with batching errors under different systems of control, but it is illuminating 
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to analyse the matter, and show which sources are of most importance. 
The following analysis could clearly be made more precise if more data on 
weighing errors etc. were available, and it is hoped that such data will be 
collected and published. 


Symbols Used 

Consider a 1:2:4 (by weight) concrete mix, with a water/cement 
ratio of 0-6, the batch weights (nominal) being 112/224/448/67- ‘2 lb. The 
symbols used and their numerical values are as follows :-— 


C denotes Weight of cement = 112 lb. nominal 
rn Weight of dry sand Spit 3 
a Proportion of moisture in sand (wet basis) 10 per cent 
, = 0-10 average 
Ain”; Weight of damp sand = A,’/(1 — po) = 248-9 lb. nominal 
BV ios 95 Weight of-water in sand = Aogpo = 249 es 
Arad Weight of dry gravel = 448 - 
et. os Proportion of moisture in gravel (3 per cent) 
= 0-03 average 
: Weight of damp gravel = A,’/(1 — pz) = 461-9 lb. nominal 
Wa. ys Weight of water in gravel = Agpz. == 13'9 in 
Warts. Total weight of water in the mix = 67:2 A 
eee Weight of added water 
== Ww— Wz- W3= Ww— Asp = Azgpg = 28-4 s3 
r xs Cement/water ratio = C/W 
= OW + Ape + Agps) = 112/672 = 1-667, 


For the reasons given on p. 172 the cement/water ratio is used instead 
of water/cement ratio, which is normal practice. For 28-day concrete, 


. made from ordinary Portland cement, using the curve in Fig. 1 of reference 


3, the equation is : 


1 seas “ me « 


x = 3,690r — 2,180 


where « denotes the strength at 28 days in lb. per.sq. in. 
When calculating the effect of variations in, say, cement/water ratio on 


- strength, it is necessary to use the following terminology :— 


s(r) denotes the standard deviation of r 
8,(z) oP 2”? 2? & 


assuming for the moment that only variations in r cause variations in «. 


Gher sa) s(t) oafor Ean }idai *- S 9) 


«If, in addition, some other source of variation exists, say testing error, 
causing x to vary, let so be the standard deviation of the testing error, 
then : ; ; 
s2(z) = s?(r) (6x/5r)? + so? . 

BV aia V0) (Ouj0n)? so Vigie wine r de el ce (10) 
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where V is the variance, the square of the standard deviation. The 
reasoning is similar for the combined effect of several causes of variation. 

It is required to estimate the variation in concrete strength resulting 
from variations in batch proportions. The main factor will be the cement/ 
water ratio, but variations in aggregate/cement ratio entail variations in 
the cement/water ratio required for constant workability, so that they 
indirectly affect the strength. The batch can be controlled in one. of two 
ways. 


A. All materials are carefully measured out, and the moisture con- 
tents of the aggregates are measured or estimated. The 
calculated amounts of cement, aggregates, and water are 
added, and no alteration is permitted (unless something has 
obviously gone wrong). ; . 

B. The ingredients are measured out, perhaps with léss care than in 
A above, but the water addition is at the discretion of the 
foreman or mixer attendant, who regulates it so as to give, in 
his estimation, constant workability. He may supplement 
his judgement by a test for workability, for example, a slump 
test. 


Method B is associated with volume batching, and with concrete making 
generally when elaborate arrangements for weighing and moisture estima- 
tion are not in force. Method A applies only when such arrangements 
have been made, but the foreman may be allowed to use some discretion _ 
in adjusting the water addition. It would be expected that method A 
would result in better control over aggregate/cement ratio, but for control 
over cement/water ratio it is not clear a priori which method is the better. — 
Although it is common to apply the term “ controlled concrete ”’ to con- 
crete made by method A, control can be exercised by either method, and 
with weigh- or volume-batching. 

It is now convenient to investigate the effects of errors in batching 
on concrete strength for methods A and B, with, in method A, no adjust- 
ment by the attendant. Method B is discussed on p. 189 et seq. 


Method A: Weigh-Batching 


The quantities C, Ao, Ag, Wy, po and ps, are all subject to error. Let 
their error variances (squared standard deviation) be :— 


roe 


Weight of cement ; ; . Vy lb2 
Weight of sand. . - Ve lb.2 
Weight of gravel . . . . Vg lb? 
Weight of added water . f +» DV glb? 
Proportion of water in sand . . Vs . 
Proportion of water in gravel « (xjMe ; 


When all six quantities vary, the resulting variation in the cement/water 


AND ITS EFFECT ON MIX DESIGN : 185 


ratio, 7, is given by the following formula, which is an extension of equation 


10, p. 183 (see reference 4, chapter 3) : 


Vir) = Vy (6r/8C)? + Vo (6r/8A2)? + Vs (6r/d.43) 
+ V4 (8r/8W,)? + V5 (87/8p2)? + Vo (8r/dp3)? =» (11) 
The differentials are found from 
r = C/(W, + Agpe + Asps) 
and are evaluated numerically by substituting the nominal or average 
valuesofC . . . . fg. For 28-day strength: 
xz = 3,690r — 2,180 

6a/dr = 3,690, or say 3,700 

8,(z) = 3,700 s(7) 
This is the standard deviation of concrete strength consequent on variations 
in r only. 

When the differentials are evaluated and inserted in equation (11), 

it is found that :— 

V(r) = 10-4 (2-21 V,; + 0-0615 V. + 55-4 x 10-4 V3 

+ 61-5 V, + 38-07 x 104 V; + 131-10 x 104 Vg) -. (12) 
Values of V, to V, for given systems of control are now required. The 

data available to the Author were rather limited, but measurements made 
under practical conditions on a few sites enabled reasonable estimates to 
be made. These were supplemented by information given by the Road 
Research Laboratory.2 Fuller information from a large number of sites 
would be of great assistance. 


Weight of Cement 
If the cement is added in whole sacks, the weight will be fairly uniform. 
Observations suggest that a standard deviation of 1 Ib. can be achieved, 


- put that a much lower figure is unlikely. Considerably higher figures are 
‘not unknown. If the cement is added in half-sacks the variation will be 
’ much greater, say a standard deviation of 5 Ib. or more. For bulk weighing 


on site the standard deviation may be as low as 1 lb. but will usually be 
greater, say about 2 Ib., but with inadequate maintenance might be con- 


siderably greater. 


Weight of Aggregates 


For weigh-batching, or for carefully controlled volume-batching, with 


_ sand-bulking allowance, a standard deviation of 5 lb. can be attained. 


If the weigh-batcher is not well maintained, the deviation can rise to 10 lb. 
ormore. For rather careless volume-batching 20 lb. or even more, is quite 


possible. 


Weight of Water 


a “Me Baal 


- Tf the weights of aggregates and the moisture contents are carefully 
éontrolled, it will be possible to measure out the required amount of water 


k , 
J : ; i 
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very accurately, with a standard deviation of about % lb. (¢ pint). If 
control of aggregates is poor, it will be necessary, if a steady cement/water 
ratio is required, to adjust the water addition according to workability ; 
the variation in total water content depends on the operator’s skill and may 
be very large if supervision is poor. 


Moisture in Sand : 

The moisture content of sand may vary widely, and large variations will 
upset both the aggregate/cement ratio and the cement/water ratio. 
Assuming that variations are reasonably small and do not seriously affect 
the aggregate/cement ratio, the figures adopted are 0:01 for good control 
and 0-02 for less careful control. In the case of the former, even if the 
moisture content varies by more than 1 per cent (as it usually does) it can 
be estimated closely enough for the uncertainty to be represented by a 
standard deviation of 0-01. The mean is taken as 10 per eent, so that in 
the two cases the ranges of variation are about 8-12 per cent and 6-14 
per cent respectively. 


Moisture in Gravel 

The moisture content of gravel is assumed to have an average value of 
3 per cent with standard deviations for two levels of control of 0-0025 and 
0-005, giving ranges of variation of about 2-5-3-5 per cent and 2-4 per cent. 


Calculated Variation in Strength due to Batching Errors 

Appropriate values of the variances are now substituted in equation 
(12), taking three degrees of control which will be seen to correspond 
roughly to “‘ excellent,” “ good,” and “ poor’ asin Table 4. The standard 
deviations and variances are shown in Table 6, : 


TABLE 6,—STANDARD DEVIATIONS AND VARIANCES FOR THREE DEGREES 


OF CONTROL 
Standard deviation Variance 

Excellent} Good | Poor Excellent Good — Poor 

Weight of cement | 11b. | 21b.| 11 Ib. 1 4 121 
* sand 5 lb. 10 Ib. | 22 Ib. 25 } 100 484. 

+». gravel 5 lb. | 10 Ib. | 22 Ib. 25 100 ‘| 484- 
+ water 0:25 Ib.) 11b.| 7 Ib. 0-0625 "| ~ 1 '49 . 
Moisture in sand 0-01 0:02 | — 10-4 4/% 10F4)1.. ieee 
ie » gravel 0:0025 | 0-005) — | 0-0625 x 10-4| 0-25 x 10-4) } per 


The figures for “ poor ” control are based on ranges of variation given 
by the Road Research Laboratory.? In this case, a range is given for total 
water in the mix, the added water being roughly adjusted to give the — 
desired workability. The figure of 7 lb. is therefore used as the standard _ 
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deviation of total water ; the variation in moisture content of the aggregate 
does not, therefore, arise—it is indirectly allowed for by the large standard 
deviation for total water in the mix. 

Table 7 gives the values of V(r), s(r), and s,(x) found by substituting 
in equation (12). s,(x) is the standard deviation which would be found if 
variation or cement/water ratio were the only factor causing variation in 
strength. The overall standard deviation, allowing for cement-quality 
(S.D. = 250 Ib. per square inch) and testing error (8.D. = 300 lb. per 
square inch) with three test cubes per batch is given by : 


s?(x) = 3002/3 + 2502 +- s,2(x) jee EQN Sh) 
s(x) 1s given in Table 7. 
V(r) is shown as the sum of the six terms of equation (11), so that the 


relative importance of the terms may be seen. For “ poor control ” the 
fourth term corresponds to the last three terms of equation (11). 


TABLE 7.—CALCULATED VARIATION IN CONCRETE STRENGTH WITH 
DIFFERENT DEGREES OF CONTROL 5. 


Control Excellent Good Poor 
V(r) x 104 2-21 + 1-54 + 0-14 | 8-84 + 6-15 + 0-55 | 267-41 + 29-77 + 2-68 
+ 0-38 + 38-07 -- 6-15 + 152-28 + 301:35 = 601-21 
+ 8-19 = 50-53 + 32-78 = 206-75 
8(r) Ib./sq. in. 0-0711 0-144 0-245 
S(@) a5 263 533 906 
8(x) aa 402 614 956 


In the first two cases the dominant terms are those corresponding to 
variations in the moisture content of the aggregates. Unless these are 
much more accurately controlled, the other factors scarcely affect the 
result. 
4 The values obtained for the overall variations correspond to those given 
in Table 4 in Part 1 of the Paper for “‘ excellent,” “ good,” and “ poor ” 
control. The Road Research Laboratory has stated? that variations m 
_ -water/cement ratio even larger than those used in Table 6 are possible, 
- though not common. It seems reasonable, therefore, to take 1,000 lb. per 
square inch to represent “ poor ” control, and a higher figure, 1,200 lb. 
per square inch for virtually no control. It is interesting to note that the 
standard deviations in Table 4, which are reasonable in the light of much 
practical experience, can be derived from estimates of the contributory 
‘variations which are also in accord with experience. 


VARIATIONS IN AGGREGATE/CEMENT Ratio pe 


Variations in batch proportions also affect the aggregate/cement ratio. 
If some control over workability is exercised, the water added will be 
2 aa 


ie 4 5 ee 7 < x | 
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adjusted so as to compensate so far as possible for the variations in aggre- 
gate/cement ratio, denoted by y. Ideally, whatever the value of y, the 
mixer attendant would adjust the cement/water ratio, r, to give the same 
workability each time, but in practice the actual value of r will not be 
exactly right. The effect on strength variation of exact adjustment can be 
calculated and a rough estimate of the effect of imperfect adjustment can 
be made. It is first necessary to calculate the variation in y for the three 
cases considered on p. 186, namely, “ excellent,” “ good,” and “ poor ~ 
control. 
The aggregate/cement ratio is given by :— 


__ (4s! + 4s’) 
a 6: 
A(l pp) 7-As(1 —Ps)) “tant ping? sft jn Spee 
6} port 
V(y) = (dy/6C)2V(C) + (Sy/8A2)?V(Ag) + (8y/8-43)?V (As) 
+ (8y/Sp2)?V(p2) + (8y/Sp3)?V(ps) . se 
When the numerical values of the differentials are substituted in 
equation (11) it becomes : 
V(y) = 10-4 (28-70 V, + 0-646 V_ + 0-750 Vz 
+ 4-94 «x 104 Ve + 17-01°x 104 Vg). . =. (16) 


| 


(15) 


The standard deviation of y for “ excellent,” ‘‘ good,” and “ poor” 


control of batching is givenin Table8. As before, V(y) is given in expanded 
form, to show the relative importance of the five terms. Also quoted are 
the “1 per cent limits ” for y, that is to say, the limits within which nearly _ 
all values will lie (about 98 per cent). 


TABLE 8,—VARIATION OF AGGREGATE/CEMENT RATIO WITH DIFFERENT 
DEGREES OF CONTROL 
Workability medium ; Nomical A/C ratio = 6 


Control Excellent Good Poor 
Viy) x 104 [28-70 + 16-15 + 18-75) 114-8 + 64-6 + 75-0 |3,472-7 + 312-7 3630 
+ 4-94 + 1-06 + 198 + 4-2 + 19-8 + 4-2 bin 
: = 69:60 = 278-4 
s(y) 0-0834 0-167 | 0:646 
1 per cent 


limits for y 5:81—6-19 5-61—6-39 _ 450—7-50 


If the cement/water ratio were kept exactly constant, an aggregate/ 
cement ratio of 6-8 would give low workability ; 5-4 would give high worka- 
bility. With “ excellent” or “ good” control, no batches would.-attain _ 
either high or low workability, and it would not be necessary to alter the 


7 
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cement/water ratio because of changes in workability. With “ poor ” 
control of batching, however, batches of low or high workability would be 
common, and changes in cement/water ratio would be required. It is 
likely, however, that when control is “ poor,” no adjustments would be 
made, unless to add extra water to batches of low workability. 


Method B: Adjustment of Water-Addition to give Constant Workability 

It is usual, especially when control of batching and of the moisture 
content of the aggregates is not strict, for the mixer attendant or foreman 
to adjust the amount of water added so that, in his judgement, the work- 


_ ability of the mix is constant. If this method could be controlled in some 


way so that workability was very nearly constant, and if batching errors 
were kept small, a close control over concrete strength could-be attained 
without the necessity of measuring the moisture content of the aggregates. 
Wide variations would upset the aggregate/cement ratio, but not usually 
so much that the consequent changes in cement/water ratio required to 
keep workability constant would cause serious variation in concrete _ 
strength. It is possible to calculate the variation in strength if it is assumed 
that the workability is kept absolutely constant, and it is possible to extend 
this to an approximate calculation for the case where the adjustment is 
not perfect. 


Relationship between Aggregate/Cement Ratio and Cement/Water Ratio 

It is necessary to know what adjustment of the cement/water ratio, 7, 
is required to balance a change in the agegregate/cement ratio, y, in order to 
keep the workability constant. Table 5 in reference 3 gives, for four types 
of aggregate, four gradings, and four degrees of workability, corresponding 
values of water/cement ratio and y, for w/c ratios between 0:35 and 1-0. 


Z The relationship between 7 and y can be expressed in the form : 


r=A+BY 
1 
where Y= — (17) 
Vy +2 


This purely empirical equation holds with satisfactory accuracy in all 


cases. The constants A and B vary; they have been estimated for all 


the sixty-four combinations in Table 5 of reference 3, and since B seemed 
nearly constant for a given aggregate type, whatever the grading number 


and workability, average values were calculated, as follows :— 


’ Aggregate type eB 
wer | aaKotuder 3 inch ah oars 9:10 
2. Irregular gravel, inch . ‘ ? : 11-06 
3. Crushed rock, # inch , : : ian | 
4. Irregular gravel, 1}inch . : . : 9:58 


Average . 10-24 ° 
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Using these values of B, average values of A were calculated ; these are 
shown in Appendix 3. 

The measure of agreement with equation (17) is shown by the fact that, 
if r is calculated, the resulting values seldom differ by more than 0-07 from 
the values quoted in reference 3, 90 per cent are within + 0:05. This 
represents very satisfactory agreement—as good as can be expected when 
it is remembered that the aggregate/cement ratios are recorded to only one 
place of decimals. A difference of 0-1 in the aggregate/cement ratio means 
a change of about 0-04 in Y, and hence also in r. Thus alterations 
of 0-1 in the aggregate/cement ratio would remove practically all the dis- 
crepancies, and this is probably within the experimental error for the 
determination of aggregate/cement ratio. 

From equation (17) and the values of 52/6r given on p. 173 at 28 days 


it is found : tetie 
br ba 
—=-—iBY2; -—=1, 3 ts bade. 
5y }BY?; 5) = 1,850 BY (18) 
Taking a mean value, 10, for B, and y = 6, as in the example on p. 183 : 
or ba 
By 0 nly 821 


Thus an increase of 0-1 in the aggregate/cement ratio will require a 
decrease in cement/water ratio of 0-022 if workability is kept constant ; 
this leads to a reduction in 28-day strength of 82 Ib. per square inch. 

For “ excellent,” “ good,” and “ poor’ control of batching the follow- 
ing are the values of s(r) and s(z). 


a 


TABLE 9.—VARIATION IN CONCRETE STRENGTH : WORKABILITY CONSTANT 


8 | s(r 8(x) : 
ty) | tr) Ib. per sq. in. 
Excellent control . 0-0834 0-0185 68 
Good control ‘ 0-167 0-0370 137 
Poor control : 0-644 0-1430 529 


of If, therefore, control of batching is good, and if the cement/water ratio — 
is exactly adj usted to give the correct workability, the variations in strength 
resulting from variations in the aggregate/cement ratio are very small. 


The Effect of Imperfect Adjustment of the Cement/Water Ratio 
It is obvious that the cement/water ratio cannot be perfectly adjusted 
on every batch. Whether the workability is judged by the attendant, 
or estimated from a slump or other test, some variation must be allowed for. 
It will be assumed that if say, the desired workability is medium, the 
adjustment can be made sufficiently accurately to prevent workability 
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teaching more than half-way towards either high or low workability. 
_ However, a definition of the term “ half-way ” must be given. 
In reference 9 the compacting factor, denoted here by F, is given for 
- aggregate as: 


Very low workability : = TS 
Low workability : F = 0-85 
Medium workability : = 002 
High workability : Ee = 0:95 


_ There is thus an increase of 0-7 between the classification limits of very 
~ low to low, and from low to medium, and of 0:3 between the limits of 
- medium to high. The half-way points are 0-815, 0-885, and 0-935, and so 
_ the ranges for the four workabilities are taken : 


Very low: F = 0-745 to 0-815, or 0-78 + 0-035 


Low : F = 0-815 to 0-885, or 0-85 + 0-035 
Medium : F = 0-885 to 0-935, or 0-91 + 0-025 
High : F = 0-935 to 0-965, or 0:95 + 0-015 


39 It may be assumed, then, that a skilled operator can usually maintain 
_ F within the range 0-91 -- 0-025 when aiming at medium workability, and 
_ take a standard deviation of 0-025/2 = 0-0125 ; on the average, only one 
batch in twenty will be outside the range 0-885 to 0-935. 
The variation of r thus entailed must also be known : 
s(r) = s(F) 67/8F 

_ Examination of the data given in reference 9 showed that, for a given mix, 
 67/SF is constant; different aggregate types and aggregate/cement ratios 

give values ranging from — 0-29 to — 0-41, with an average of — 0:32 ; 
_ the latter figure is used, since the effect of the variation is negligible. The 
equation then becomes : 

s(r) = 0-0125/0°32 = 0-040 

This gives the error in 7 arising from failure to adjust the water addition 
exactly. It can be assumed that this error operates independently of the 
batching error, at any rate for not too wide variation in aggregate/cement 
ratio, so that : 


dr\2 or \?2 
ve = Vals) + re(55) 

_ which on substituting numerical values gives : 

V(r) = 0-0493 V(y) + 16 x 10-4 
For “excellent,” “good,” and “poor” control of batching this 
_ equation gives the figures shown in Table 10. ‘ 
If, instead of assuming workability to be controlled to reach less than 
half-way towards high or low, it is assumed that it occasionally (once in 
_ twenty patches) reaches high or low workability, the values for s(r) become 
£ ; > Z Pod 
- ee P s : | 


' 
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TABLE 10.—VARIATION IN CONCRETE STRENGTH : IMPERFECT ADJUSTMENT 
OF WORKABILITY } 


nnn EEE EEE GER 


Control of batching V(y) | V(r) | 8(r) | (beeing 
| 2) 
Excellent . : : 10) xe L6-* 19-5 x 10-4 0-0442 164 
Good . - 5 . 278 1G-* 29-7 x 10-4 0:0545 202 
Poor . : F . | 4,148 x 10-4 | 220-5:x 10-4 0-1485 549 


304, 326, and 606 Ib. per square inch. Even with this latitude the effect 
on strength is small, and it is clear that control of workability can give an 
effective control of strength, even when the batch proportions are rather 
variable. The overall variations (including cement quality and testing 
error) corresponding to the cases tabulated above are : 


Excellent : 8.D. = 345 lb. per square inch 
Good : §.D. = 363 ~ —— 
Poor : S.D.==,611 a oe 


For this method of control, therefore, so far as strength variation is con- _ 
cerned, the first two are equivalent to “ excellent,”’ and the third to “ good.” 
It is of interest to note that with volume-batching of aggregates, under 
conditions in which the aggregate/cement ratio must have varied quite 
considerably, standard deviations of concrete strength below 400 lb. per 
square inch have been attained. It is clear from the above analysis that 
this is perfectly feasible, if the workability of the mix is maintained reason- 
ably constant. There is a tendency to consider that elaborate arrange- 
ments for weighing materials accurately, and for estimating the moisture 
content of the aggregate accurately, are necessary to achieve consistent 
concrete workability and strength. This is evidently not so, but it seems | 
likely that control may be more certain, and less liable to errors due to 
carelessness, if batch weights are carefully controlled. Some latitude 
must, however, be left to the attendant, unless the moisture content of the 
aggregate is very constant, or can be accurately determined beforehand. 
In working through a heap of aggregate there may be sudden variations 
in moisture content, but generally, if reasonable care is used, changes will 
be gradual, so that a workability determination on one batch can be used _ 
to predict the approximate water quantity required for the next. This’ 
should assist in fixing at least an approximate value for the amount of 
water to be added, and enable better control to be achieved. Extreme 
care in measuring the aggregates, or in estimating their moisture content, 
is unnecessary. It is doubtless this feature which has enabled low varia- 
bility to be achieved with volume-batching and no measurements of the 
moisture content of the aggregates, but with good supervision by the fore- 
_ man or mixer attendant. On one site, in which the aggregates were 


y ae 
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“measured” by a grab, a standard deviation of 400 Ib. per square inch was 
observed in a set of one hundred tests taken over a period of several 
weeks. No system of weigh-batching and control could have given appre- 
ciably more uniform strength. If different concrete mixes were being 
made each day, however, this form of control might be less effective. 


WEIGH- AND VoLUME-BATCHING 


There is no doubt that volume-batching, carelessly done, leads to very 
wide variations in the aggregate/cement ratio and, unless the water addition 
is carefully controlled by the attendant to keep workability reasonably 
constant, in the cement/water ratio and hence in strength. Weigh-batch- 
ing, if the batcher is well maintained, is less liable to wide variations, since 
the machine element tends to prevent the effects of gross carelessness, 
such as failure to fill gauge boxes, failure to tamp correctly, failure to allow 
for sand bulking, etc. If both methods are followed carefully, however, 
there seems no reason why weigh-batching should give more uniform 
strength or workability than volume-batching. It has been shown above 
that the effect of a wrong aggregate/cement ratio on strength is small, un- 
less the error is very large—much larger than the best that can be achieved 
by careful volume-batching. Cases are known where well supervised 
volume-batching gave as good uniformity in strength as can be achieved 
by the most careful weigh-batching. This uniformity depends on the 
operator’s skill in adjusting the water addition, but only in very favourable 
conditions can a similar, though perhaps smaller, adjustment be avoided 
in weigh-batching. 

Weigh-batching offers advantages apart from uniformity of strength, 
but these need not be considered here. The association of the levels of 
control with weigh- or volume-batching has been avoided in this Paper, 


although it is probable that. the low levels of control would in general be 


associated only with volume-batching, or with very unintelligently used 


: weigh-batching. 


The data used in this Paper are drawn from a limited number of sources. 


Without Graham and Martin’s Paper,* which gives the results obtained at 


London Airport in great detail, it would have been difficult to reach any 


worth-while conclusions about the effects of different sources of variation. 
The Author has criticized some of the conclusions reached by Graham and 
Martin, but the thoroughness of the collection and reporting of the test data 
are a model which could, with advantage, be followed in other construction 
jobs where concrete of different types, not necessarily so rigidly controlled, 
is being made. It may not be practicable to report lengthy series of results 


in technical journals, but these could be collected and filed by some central 


authority so that conclusions could be based on a truly representative 
collection of data. 


“ 
on 


“ 
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SumMARY AND ConcLusions: Part 2 


A study has been made of the factors which cause variation in concrete 
strength. These are divided into (a) cement quality, (5) cement/water 
ratio, and (c) testing error, which includes all factors resulting in variation 
among test cubes made from “ identical ” batches of concrete. The main 
conclusions are :— 


(1) Cement quality contributes much less to variability than has been 
supposed. On one very large job, cement quality accounted 
for only 10 per cent of the total variation in concrete strength. 
Faulty methods of deducing the effect of cement quality have 
previously led to much larger estimates. 

(2) Variations in cement/water ratio are the most important source of 
variation in concrete strength, unless they are very rigidly 
controlled. A thorough analysis is made of the factors 
causing variation in the cement/water ratio. It is shown 
that high accuracy in weighing materials is unnecessary, and 
does not ensure low variability, unless the moisture content of 
the aggregates can also be accurately measured. The most 
effective form of control is by workability, and if this is reason- 
ably well controlled, very accurate proportioning is unnecessary. 
Good volume-batching is quite as satisfactory as weigh-batch- 


ing, so far as uniformity of strength and workability are 
concerned. 
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SAMPLING AND TESTING EXPERIMENT AT LONDON AIRPORT 


The data given by Graham and Martin ® are reproduced below in Table 11. 


ue ——— 


Sample no. 


Average 


2 


Average 


3 


Average 


4 


Average 


5 


Average 


6 


Average 


Grand average 


seats error is measured by the variation within a set of four results, Variatic on 
e sample averages arises from sampling and testing errors. . o 
The analysis of variance is shown in Table 12. 


between t. 


vi 
sa 


APPENDIX 1 


TABLE 11 


Compressive strength at 28 days: lb. per square inch 


Hand vibrated | Code of Practice Average for sample 
5,630 5,850 
5,600 5,850 
5,540 5,790 
5,510 | 5,630 
5,570 5,780 Pa) 5,675 
5,850 5,630 
5,600 5,600 
5,510 5,540 
5,480 5,480 
5,610 5,562 5,586 
5,790 5,820 
5,700 5,730 
5,600 5,660 
5,480 5,510 
‘ 5,642 5,680 5,661 
5,480 5,790 
5,410 5,600 
5,290 5,510 
5,290 5,320 
5,368 5,555 5,461 
eesti imine ining siel y 
5,820 5,570 | 
5,760 5,510 
5,570 5,410 
5,450 5,350 
5,650 5,460 j 5,555 
5,780 5,970 ’ 
5,540 5,600 
5,540 5,570 
5,260 5,410 
5,530 5,638 5,584 
5,562 5,612 5,587 


a 


= : “ Ww a ie 
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TABLE 12.—ANALYSIS OF VARIANCE 


en Laan 


Source of variation | Degrees of freedom | Sum of squares Mean square 
Between methods 1 31,000 31,000 
Between samples 5 240,850 48,170 
Interaction : ; 5 230,150 46,030 
Error. : : 36 805,400 22,370 

Total . : 47 1,307,400 


Sn 
The factor “interaction ’? has the interpretation that if there is a real difference 
between the results obtained by the two methods, but this difference varies from sample 
to sample, there is said to be an “ interaction ’’ between the sources of variation, or 
factors, “‘ methods’ and “ samples.”’ In this case, there is no reason to expect such 
an effect, and since the mean square is not significantly greater than the error mean 
square, it can safely be assumed that there is no interaction. 
4 ns error mean square is an estimate of s, (s) denotes testing error standard devia- 
ion). 
Thus s, = 150 lb. per square inch 


The mean square “ between samples’’ is an estimate of 892 + 88,2 where s, denotes the 


standard deviation arising from sampling error. It is not significantly greater than 
592, that is 5,2 might well be zero. The best estimate is: 


8,2 = (48,170 — 22,370)/8 = 322-5 
Therefore s, = 57 lb. per square inch 


The sampling error, if it exists at all, is thus very small. The mean square ‘‘ between 
methods ” is a measure of the average difference between the results obtained by the 
two methods, plus testing error. It is not significantly greater than the testing error, 
that is, there is no evidence that the methods give different results. The average 
results by the two methods are 5,562 and 5,612 lb. per square inch; the difference, 
50 lb. per square inch, is negligible ; the true value may well be zero. 

Tt could be that the two methods would give different testing errors, but in fact the 
estimates are 148 and 151 Ib. per square inch respectively ; there is no evidence that 
they differ. 


APPENDIX 2 
ANALYSIS OF VARIATIONS IN CONCRETE STRENGTH 


Using the data given by Graham and Martin for mortar (‘‘ cement ’’) and concrete 
strength at 7 and 28 days a regression analysis is first made (see reference 4, chapter 6) 
to find how much of the variation in concrete strength is accounted for by cement- 

uality variation, taking mortar strength as an index of cement quality, but allowing 
for the fact that the mortar test is subject to testing error. It is assumed that concrete 
strength is a linear function of mortar strength, that is, that : 


C=a+omM CM tae VR 8) 


- where a and 0 are constants and C' and M denote concrete and mortar strengths re- 


spectively. This is a very reasonable assumption, at least over the small range of 
strength covered, and the data do not suggest that it is false. In regression analysis the 
total variation in concrete strength is analysed into two parts: (a) that corresponding 
to mortar strength variation, attributed to cement-quality variation ; and (b) residual 
variation, attributed to batching and testing errors. If the graph of C against M gave 
points lying exactly on a straight line (equation 19), there would be no residual varia- 
tion ; in fact there is a considerable scatter. 

Reference 6 gives results for forty-two batches of concrete, made under uniform 
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conditions, and these results are analysed below. The best-fitting straight lines 
relating C to M are: : 


AtTdays: C=1,654+ 0-54 M 
At 28 days: C = 2,629 + 0:50 
The difference between the two values of 6 is not statistically significant, and a 

common value of 0:52 may be taken, giving : 

At 7days: C=1,752 + 052M 

At 28 days: C = 2,485 + 0-52 MU 
These equations are valid only for the range of strengths covered by the data, and must 
not be used to extrapolate far beyond this range—as is clear if M = O is substituted. 


The regression analysis is shown in Table 13. All results were rounded to the 
nearest 10 lb. per square inch to lighten the arithmetic. 


TABLE 13.—REGRESSION ANALYSIS : CONCRETE STRENGTH 


Degrees 7 days i, 28 days 
Source of variation of a ee ee 
freedom Sum of Mean Sum of Mean 
~ squares square squares square 
Cement quality . 1 2,284,900 | 2,284,900 | 2,942,200 | 2,942,200 
Batching and testing 40 4,995,100 | 124,900 ) 9,936,400 248,400 
Total : 41 7,280,000 | 177,600 | 12,878,600 | 314,100 


The mean square for ‘* cement quality *’ is much larger than that for “‘ batching and 
testing,’ that is, concrete strength is undoubtedly correlated with mortar strength. 
The mean square for “‘ batching and testing’ is an estimate of (s)% + sp*), where 
where 8 denotes testing error standard deviation and sj the batching error standard 
deviation (59 applies to the mean of two cubes). The mean square for ‘“‘ cement 
quality ’’ is an estimate of s)* -+- sy? +- 42 s¢%, where s¢ denotes the standard deviation 


for ae ality variation. The factor 42 appears because forty-two batches were 
used. 


The equations are therefore :— 


7 days 28 days 
So" + sp? + 42 6? = 2,284,900 2,942,200 
8? + 8p? = 124,900 248,400 
Therefore 42 8,2 = 2,160,000 2,693,800 
So? Sa 51,430 64,140 

Se = 227 lb./sq. in. 253 Ib./sq. in. 


The difference between these values is not significant, and a common value of 
*s ona 253?)/2 = 240 Ib. per square inch is used for cement-quality variation, at 


In order to deduce the value of sp, it is necessary to know s). This can be found 


from an analysis of variance for concrete strength. Th iati 
crehiigtaert he ina hi ngth. The total variation of concrete 


(1) Variation from batch to batch. ‘This is attributable to batching errors and 
cement-quality variation. : 
(2) The effect of age at time of testing (7 or 28 days). 
(3) Testing error. This is the variation which is not accounted for by (1) and (2). 
It should be noted that (1) is based on the average of the 7 and 28 days’ strengths. 
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The value of sp derived from it will, therefore, be an average figure, since the batching 
error increases with increasing age. 
The analysis of variance is shown in Table 14. 


TABLE 14.—ANALYSIS OF VARIANCE OF CONCRETE STRENGTH. 


Source of variation Degrees of Sum of squares Mean square 
freedom 
4 Between batches - 41 18,710,600 456,300 
Between ages . : 1 64,996,800 64,996,800 
Testing error . : 41 1,448,100 35,320 
Total . ; 83 85,155,500 
8)? = 85,320 8) = 188 lb. per square inch 
: S)? -+ 2s8p2 = 456,300 


sp? = 420,980/2 = 210,490 
sp = 459 lb. per square inch 


Individual values of sp for 7 and 28 days can also be derived. As shown on p. 198: 


7 days 28 days 

2 sy = 124,900 248,400 

i 35,320 35,320 

Therefore 847 == 89,580 213,080 
Therefore Sb = 299 1b. persq.in. 462 Ib. per sq. in. 


This completes the analysis of concrete strength variation. 


APPENDIX 3 


For a given type and grading of aggregate and a given workability, the relationship 
between y = aggregate/cement ratio and r = cement/water ratio is found empirically 
to be very closely : 

f =A -+ BY en eco, os ee e120) 


where Y =)/ Vy +2 


Bis nearly constant, for a given aggregate type, whatever the grading number or work- 
ability. This covers the types and gradings given in reference 3. 


ae The values of B are : 
Aggregate type B 
(1) $-inch rounded : 9-1 
(2) #-inch irregular gravel: 11-1 
: = (3) #-inch crushed rock : 11-2 
i (4) 1}-inch irregular gravel: 9-6 
- ‘The value of A varies with aggregate type, aggregate grading, and workability. 
‘The values for the sixty-four combinations of these variables from Tables 5 and 6 in 
___ reference 3, are given in Table 15. < 
. ae 
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TaBLE 15.—VALUES OF (—A), THE CONSTANT IN EQUATION (20) 


: Ageregate type * 
Workability Grading. Ssres YI 
number = 
1 a a 4 
Very low 1 0-66 1-68 1-93 1-06 
2 0-69 1-74 2-04 1-07 
3 0-91 1-80 2-17 1-20 
4 1-06 1-98 2-24 1-32 
Low 1 0-87 2-06 2-24 1-26 
z 0-92 2-05 2-29 1-27 
3) 1-05 2-09 2-41 1-34 
4 1-22 2-19 2-47 1-46 
Medium . 1 1:15 2-30 2-49 * 1-51 
2 1-18 2-26 2-50 1-48 
3 1-23 2-36 2-57 1-52 
4 1:33 2-35 2-62 61 
High 1 1-32 2-42 2-58 1-62 
2 1-30 2-36 2-57 1-59 - 
3 1:39 2-38 2-67 1:62 
4 1:50 2-47 2-72 1:70 


* See reference 3. 
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Paper No. 5958 


** Guildhall : Provision of New Foundations to the North 
Wall by Underpinning and Other Means ”’ 
i 
Burnard Geen, M.I.C.E. 


(Ordered by the Council to be published with written discussion.) t 


SYNOPSIS 


Following the destruction of the roof and adjoining buildings in 1940, a temporary 
building was erected in 1951. During its construction disturbing facts were discovered 
and a report drew attention to a number of unusual and disquieting circumstances and _ 
to others which might occur, and recommended the provision of new foundations. 

It was decided to support the wall on piles carried down to the blue clay and a novel 
means was adopted to support the buttresses. 

By building a reinforced-concrete beam on each side against each buttress and over 
the piles and introducing stressing cables the buttress was squeezed as in a vice and the 
load transferred to the piles, thus avoiding any serious interference with the buttress 
or the soil below. 4 

To prove the method the first buttress was tested by jacks. 

All the difficult operations are described. 


INTRODUCTION 


THE construction of Guildhall in the City of London started in 1411 and is 


recorded as being uncompleted in 1439. The building is of great historic 


importance. 
The Hall is 152 feet long and 50 feet wide, and prior to 1666, to judge 


. from what remains, it had a Crypt under the main floor for its entire 


jlength. After the Great Fire of London, the roof and western half of the 


_ Crypt were destroyed, and today the eastern length of open Crypt is only 


i Ss —__" 


r- 76 feet. 


Since the construction of the Hall, the roof has been destroyed three 
times. The last occasion was in an air-raid on the City in 1940, when 
the arched hammer-beam roof was destroyed by fire and a great deal of 
destruction was caused to buildings close to the north side of the Hall. 

‘In March 1951, a temporary building was being added on the north 
side to provide a meal service to the Hall, and certain excavations which 


+ Correspondence on this Paper should be received at the Institution by the 
15th July, 1954, and will be published in Part I of the Proceedings. Contributions 
should be limited to about 1,200 words.—Sno. I.C.E. 
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were then made adjacent to the buttresses disclosed disturbing facts. 
A report on the matter submitted to the City Corporation, in November 
1951, drew attention to these facts. 

In studying the conditions of the structure, consideration had to be 
given to its ability to carry either a heavy timber roof exerting thrust, or 
a still heavier type of construction, based upon stone ribs of arch form ; 
the choice was not made until nearly the end of the operations described 


below. 


Sit—E Exploration 


A number of borings and trial holes were put down in the angles 
formed by the buttresses and the main wall, both on the north and south 
sides of the Hall. These showed that the foundation level varied through- — 
out, in some cases ending in soft yellow clay above the main bed of ballast, _ 
which was only very little lower, and in other cases finishing in the ballast. 

The wall panels differ in thickness and so the intermediate buttresses 
are not all the same size. The underside of the wall is not always the 
same on both sides at any section and varies in depth along its length. 
The buttresses vary in thickness, length, and depth, and even vary in 
depth in different parts of the same buttress. 

It was ascertained that in numerous cases, though not all, the wall was 
at a much higher level than the base of the buttress and the buttress itself 
arched down from the wall to its base, which appeared to indicate that 
thrust had originally been catered for. 

Another point which had to be borne in mind, in considering future 
building operations, was that heavy pumping might be required on the _ 
north side during Guildhall reconstruction work. It was always possible, 
owing to the high value of adjacent land, that future buildings with base- 
ments built in the vicinity might also involve heavy pumping, and possibly 
withdraw sand from the ballast and cause sinking of the walls and but- 
tresses. 


THE PROBLEM 


A recommendation was made, therefore, that where the foundations 
of the north wall had been exposed to the elements for several years, — 
_ owing to the destruction of adjacent buildings, and the loading conditions 
of the adjacent ground had been varied, it was advisable either to under- 
pin the north wall, or otherwise provide satisfactory permanent founda- 
tions. In the latter case, it would be necessary to carry the foundations _ 
down through 18 feet of ballast, overlying 2 or 3 feet of stiff brown clay, 
to the blue clay below, which was fairly regular in depth at about 20 feet 
below Crypt floor level. oh 
In March 1952, the recommendation that the foundations of the north _ 
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wall should be strengthened was approved, and a close and detailed con- 
sideration of the whole matter was put in hand. 

In view of the existence of the temporary buildings when such operations 
were to be carried out, it was clear that the site conditions would be very 
difficult and that there would be little headroom to work in. In addition, 
access would have to be maintained for the service of the Hall until it 
was handed over to the contractors for reconditioning and construction of 
the new roof. 

The construction of the lower part, at least, of the buttresses was very 
varied in character ; some parts were of coursed stone, and others were 
formed by a conglomerate of stone, chalk, and flint, undoubtedly hand- 
picked and hand-placed. 

_. It was observed that, whereas at the wall face the ground-water level 
was 6 feet 6 inches below Crypt floor level, it was 3 feet 9 inches lower 50 
feet farther to the north. 


“Seale Finch 40 feet 


Lay-ourT or PivEs 


Be Sanyples of the ground-water were tested to see if it would be likely to 


_ have a deleterious effect upon Portland cement, but these gave a negative 


result. 
: Compression tests on samples of the chalk, which formed the bulk of the 
lower portion of many of the buttresses, gave a minimum crushing strength 
of 56 tons per square foot. ¢ 
It became evident that it was not possible to make any calculation re- 
garding loads and ground pressures or to prepare a scheme until a complete 


survey had been made of the north wall. Fig. 1 shows the proposed 


e arrangement of piling at the buttresses. 


_.. Buttresses Nos 6 and 7 were, for all practical purposes, similar; all 


other buttresses varied, each requiring individual consideration and, to 
some extent, a different treatment. In one of the buttresses a large cavity 
was disclosed, and it was necessary to prove so far as possible the nature of 
the interior of the wall and buttresses. Hight holes were accordingly 


- drilled into each buttress to see if cement could be injected under pressure 


and to enable an opinion to be formed as to the solidity or otherwise of 


, the buttresses. In general, they were found to be very solid. This 


3 


encouraged the opinion that, without undue risk it might be possible, 
with care, to cut away existing work and allow new work to be inserted, 


aoa 


‘a 
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UNDERPINNING 


Although each buttress with its corresponding wall sections was treated 
on its individual merits, a method was devised which generally could be 
adapted to all of them. Broadly speaking, the seven buttresses fall into 
two groups: shallow buttresses, which terminate at or a little below 
Crypt floor level, and deep buttresses, which are founded 4 to 5 feet below 
Crypt level. 

Of the seven buttresses which join the north wall (not counting the 
corners of the buildings), two were found to be deep, and five were shallow, 

On the north face of the wall, that is, outside the building, it was permis- 
sible for the new construction to show, since it will be below basement 
level of the new Guildhall offices. 

Consideration was given to various ideas, and it became clear that a 
normal method of stage-by-stage underpinning was unsuitable, as also was 
cementation, on account of the upper bed of clay. 

Supporting by needles was also abandoned because of the friable 
character of the masonry, which in some of the buttresses might have 
involved the use of an excessive number of heavy needles ; and it was not 
possible to avoid grave risk. In addition, since it was not known to what 
extent bond existed between the buttresses and walls, it was decided that 
another solution must be found. 

The method adopted for supporting the buttresses consists (in all cases) 
of gripping them as in a vice, the jaws being formed by reinforced-concrete __ 
beams, 4 feet by 3 feet 3 inches in section, on either side, and the grip 
provided by three prestressing cables, each formed of eight 0-276-inch- 
diameter high-tensile steel wires. The cables are placed at one-third of the 
height up from the bottom of the beam, through 4-inch-diameter holes 
drilled through the buttress and corresponding holes left in the beams 
(Figs 2 and 3). The holes were subsequently grouted under pressure, 
after prestressing was completed. Each of the concrete beams is carried 
on three piles, which stand clear of the buttresses and take the loads pes 
to the blue clay. 

Thus, at no stage of the operation was the subsoil toushied or ka 
structure weakened, beyond the drilling of the three holes pa the 
buttress to form ducts for the prestressing cables. 


Buttress No. 2 

It was decided to complete all operations for dealing ithe buttzeda 
No. 2 before commencing work on any of the others. It could thus be 
treated as a test case to establish the workability of the idea, further 
explore the fabric of buttress and walls, test the piles, and assess the time 
and cost of various operations with the object of preparing an overall 


programme for the six remaining buttresses. These could then oa | 


Dritiinc BuTrrREss FOR CABLES 


Fig. 3 


x ; . TBNSIONING OPERATION, Buttress No. 2 


Watt Cur Away For CRANKED Bram, Buttress No. 2 


eee 


Pitz Trstine 


THE NORTH WALL BY UNDERPINNING AND OTHER MEANS) 205 


attacked simultaneously, subject to certain limitations dictated by the 
need for safety. 


Piles and Beams (Figs 4) 

From the detailed survey, the weight of the buttress, together with 
adjacent walls, was computed as 361 tons, based on a weight of 120 lb. 
per cubic foot of stonework. To this was added 62 tons as the estimated 
reaction from a stone-arch-type roof. 

The type of pile was limited by site conditions, particularly headroom, 
and 19-inch-diameter bored in-situ piles of 45 tons nominal bearing capa- 
city were chosen, and so arranged that the centroid of the pile group 
coincided as nearly as possible with the centre of gravity of the new super- 
structure. 

This necessitated placing four of the ten piles required to cater for the 
total load of 423 tons, on the south side of the wall and in the Crypt. 

Since it was not permissible for beams over these piles to show in the 
Crypt, the two beams which grip the buttress were continued through the — 
walls and cranked down below Crypt floor level, where they are carried on 
two piles each. They act as ordinary needles so far as the wall portion of 
the superstructure is concerned. Fig. 5 shows the space excavated to 
receive the cranked portion of a beam. 

The dimensions of the beam were governed by the position of the piles, 
which were sunk as close as possible to the wall and buttress—19} inches 
from face of wall to centre-line of pile—allowing about 9 inches from 
the side of the top lining tube. 

This arrangement made the beams 2 « 194 inches = 3 feet 3 inches 
wide, and the height of 4 feet was necessitated by consideration of shear 
strength as well as the use of this beam as part of a prestressed beam in its 
transverse direction. 

_ The lengths of piles were varied to give between 5 and 8 feet of pene- 
tration into the blue clay, and the final decision on depth was made on 
the basis of the loading-test results. 

For this purpose—as well as to allow free movement of the beam 

during prestressing—separate caps were provided to the piles, with recesses 
over to allow the placing of hydraulic ship-jacks. 


PRESTRESSING BUTTRESS 


In order to assess the compressive force to be developed by the cables, 
the completed structure was considered as a prestressed beam formed of 
‘two concrete members over the piles and the intervening stone buttress, 
similar to the formation of a prestressed beam consisting of a number of 
prefabricated sections. i 

Singe.athe compression is bound to spread through the buttress, a 
greater depth of beam can be assumed to be active in the centre of the 
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buttress than on the 4-foot-faces of the concrete sections, and this was 
allowed at the moderate figure of 7 feet. 

The stressing force per cable was fixed at 32 tons, being a computed 
28 tons, plus an allowance of approximately 15 per cent for slip at the 
anchorage and creep ; it does in fact produce a pressure almost the same 
as the pressure existing on the base of the buttress, so that no appreciable 
variation in stress would be introduced. 

From the stress/strain diagrams of the tensile tests carried out on six 
samples of prestressing wires, the average modulus of elasticity was estab- 
lished as 30 multiplied by 106, and the elongation necessary to produce a 
stressing force of 32 tons was calculated as 0-804 or +2 inch. 

The prestressing force was alternatively calculated as the tie counter- 
acting the thrust of an arch formed in the stonework of the buttress. 

As an additional precaution, the buttress was slightly undercut where — 
making contact with the concrete beams. ‘ 


TestinG Pines 


As part of the design, two of the reinforcement rods to the piles were 
carried up into the beam, running in sleeves to ensure free movement, and 
grouted after the prestressing had taken place. One of the rods was 
extended beyond the top of the beam, where it made contact with a Mercer 
gauge on which the movement of the piles when jacked down could be 
read. 

Two 70-ton hydraulic ship-jacks were used. They were placed alter- 
nately over two corresponding piles, and a downward thrust of 50 tons was — 
exerted on the piles. Prefabricated concrete wedges were inserted and 
driven home to stop the piles from rising after the test load was released 
(see Fig. 6). ‘h 

In general, piles which penetrated 5 feet into the blue clay moved about 
$ inch or slightly more ; of the two piles which penetrated 8 feet into the 
blue clay one moved 0-114 inch and the other 0-030 inch. Considering 
that these piles are 28 feet long, the latter figure is no more than the 
anticipated elastic shortening of the pile under load, and it may be assumed 
that the foot of the pile did not move at all. = 42 

In two cases, the provision of recesses for the large ship-jacks would 
have called for extensive excavation to allow access to them : consequently 
Freyssinet flat jacks were used instead and left in. The recesses formed 
for inflating these jacks were finally pressure-grouted, through the sleeve 
of the recording pile bar. ra 

The test results were satisfactory since they proved :— 


(a) That the length and character of the piles were satisfactory to 
carry the loads without a degree of movement likely to injure 
the structure. bie . 


y 
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(b) That the friction developed between the beam sides and buttress 
faces was sufficient to ensure that the buttress could not 
force its way down between the beams. 


It was then not necessary in the remaining beams to make the same 
provision for testing, but it was decided to bore all subsequent piles 
10 feet into the blue clay. 


SUMMARY 


The novel method devised and adopted proved to have the following 
outstanding advantages :— 


(a) It was not necessary to excavate below the level of the existing 
foundations and disturb them. 

(b) It was not necessary during the process to weaken the buttresses 

seriously. 

(c) It permitted the supporting beams to be placed at various levels — 
to suit the varying levels of the existing foundations. 

(d) When the operation on any buttress was completed, it became 
immediately effective. 


In deciding the order in which the work should be done, consideration 
had to be given to the weakness developed at any time, and it was thought 
fit in the early stages of the work to deal only with alternate buttresses at 
one time. ; 


Buttresses Nos 3 and 4.—These two buttresses, like buttress No. 2, are in 
line with the open Crypt and no construction work could be allowed to 
show on the Crypt side. — 
Before operations commenced in this case, detailed photographs were 
taken of the old wall, so that in the event of any cutting away being 
required new work could be matched with the old. 
The operations to these two buttresses, which are similar in type, though 
‘not identical, consisted of the following. Piles Nos 1, 2, 9, and 10 were 
cast, then the wall was cut away to a height of 7 feet to allow pile No. 3 
to be cast. The beam over piles Nos 1, 2, and 3 was added, and the wall 
built up tight against the head of the cavity (Pigs 7 yy | 
A similar operation was then undertaken for pile No. 8, and the beam 
over piles Nos 8, 9, and 10 was added, and the cavity built up. The beams 
wera then stressed to produce the required compression in the buttress. 
“The buttress having thus been made secure, the wall was then cut away 
for piles Nos 4 and 5, the piles were cast, and the wall was pinned up to 
_ within 6 inches of the old inner face to allow for new stonework, which-was 
added later and carved to match the old work. 
A similar operation was carried out for piles Nos 6 and 7. - # 
oe 
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With the very small working space and headroom, the piling was 
difficult and slow, but was accomplished without mishap. .- 


Buttress No. 5.—This was similar in type to Nos 3 and 4 but slightly different 
in detail; on one side of the buttress an old window or door opening 
permitted the beam to be carried across piles Nos 8, 9, and 10, but on the 
other side the beam stopped short of pile No. 3 and only passed over Nos — 
1 and 2 (see Figs 8). 

Cable stressing followed as previously described and the wall was then 
cut away for piles Nos 6 and 7 and pinned up before allowing the wall to — 
- be cut away for pile No. 8; this in turn was pinned up and refaced. 


Buttresses Nos 6 and 7.—These were opposite one of the walls in the strong 
rooms (probably added after 1666), where the floor level is 20} inches — 
‘above the basement floor level (see Figs 9). oa 

Piles Nos 5 and 6 were first installed, and this allowed a needle to be © 
inserted to carry part of the weight of the cross-wall. The main wall was 
then cut away for either No. 7 or No. 4 and after the pile was installed 
and pinned up the further hole was cut away for No. 4 or No. 7 and also 
pinned up. 

Piles 1, 2, 3, 8, 9, and 10 were then installed, and the beams cast just 
into the main wall where a smooth joint was provided to allow the beams 
to move laterally when post-stressed. 

- After maturing the beams were stressed and grouted, and the whole — 
foundation became alive. 


Buttress No. 8.—This buttress, which carries less total load and supports — 
a thinner wall, also came opposite a cross-wall in the strong rooms where 
the floor level was 20? inches above the level of the basement floor level. 
It was dealt with in a similar manner to buttresses Nos 6 and 7. 

By placing two piles, provided with caps, in the strong rooms on 
each side of the crosswall, a needle could be inserted to carry part of the 
weight of the cross-wall and the buttress beams could run through the main 
wall of the Hall and transfer their proportion of load to the four strong 
room piles. 

The buttress piles were first inserted, and the beam was cast (upon 
a bed of concrete 20} inches high) with a temporary stop until the cables 
had been stressed. The work was then completed. 

Piling work was started with one rig, until the difficulties of the ensuing 
operations had been assessed. Certain pieces of special plant were prepared 
to suit the limited headroom, and a second rig was later brought into use. 

In only one case was an underground obstruction met with and the 
boring put out of line. The hole was rebored, a grouting tube inserted, 
and the whole cavity filled with concrete and then injected under pressure, — 
After maturing, the pile was tested and found to be satisfactory. 


THE NORTH WALL BY UNDERPINNING AND OTHER MEANS 217 


All beams were completed by the end of May 1953, and the last but- 


tresses stressed by 19 June, 1953, at which date the north wall was supported 


by its new foundations and adjacent work under contract was free to be 
undertaken. 
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struction of concrete roads of high quality in Great Britain, and that it 
would only find a place in low-grade construction by inexperienced con- 
tractors or under inadequate supervision, might have understated the 
importance of the subject and have missed the essential point lying behind 
American development of that process. American concrete-road-making 


plant, developed for high productivity, required a high degree of work- 


ability for its most effective operation, It was a common, but mistaken, 
criticism of American practice to say that that was a defect in American 
technique, or to allege that American concrete research was directed to 
finding palliatives for faults arising out of incorrect methods. American 
engineers were as well aware as British engineers were of the effects of — 
workability and water/cement ratio upon concrete strength. They were 
of the opinion, however, that productivity came first, and that to sacrifice 

it for the sake of saving a relatively small quantity of cement or of avoiding — 
occasional trouble from other causes was not good economics. 5 
_ Mr Richards recalled raising that specific point with a party of American — 

engineers and being told ‘“ To understand this you must appreciate our 
position and what we are trying to do. We know that we could make 
stronger concrete, and avoid some of our difficulties, if we made a stiffer 
mix, as you do. But if we did this it would mean slowing down our rate 
of progress and re-designing our equipment. What we are trying to do is — 
to build roads cheaply and quickly, and to get as many miles as possible 

into the service of the community as quickly as possible. We reckon to 


+ Proc, Instn Civ. Engrs, Part I, vol. 2, p. 337 (May 1953). 
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deal with any difficulties arising out of this as we go along.” Judging 
from their present position it would seem that they were successfully 
doing so, and thus enjoying the best of both worlds. 

As for the extent of the use of air-entrainment, he had been told at the 
United States Bureau of Reclamation Concrete Laboratory at Denver, 
Colorado—possibly the finest cement- and concrete-research station in 
the world—that it was almost universal (the air-entraining agent being 
generally incorporated in the cement, so that the question of an additional 
operation or closer control in concrete making did not arise) and that it 
would now be unusual to find concrete made in the United States in any 
other way. 

Whilst appreciating its academic disadvantages (and the indeterminate 
nature of concrete-road design), the use of air-entrained concrete had much 
to offer the constructional engineer in the way of expeditious and satis- 
factory construction, and notably with centrally-mixed concrete, so 
commonly used in the United States. It would be unfortunate if its use 
were relegated in Great Britain to the comparatively minor purposes sug- 
gested in the Paper without those aspects being considered. i 

Mr R. G. Smith, of Vancouver, observed that the use of entrained air 
in concrete had been brought to his attention recently in the construction 
of a prestressed concrete bridge at Bernera, Scotland. In the initial 
stages of trial mixes for that job, a concrete mix with a cement to aggregate 
ratio of 1:5 by weight, using ?-inch-diameter irregular gravel aggregate 
and a water/cement ratio of 0-40 was tried. That gave “ low ” workability 
with a compacting factor of 0-78 and was found to be too harsh. The 
contractor had suggested the use of an air-entraining agent to increase the — 
workability but it was found that that had little effect on the mix. Such 
a result was confirmed by the curve 1 : 6/0-45, in Figs I (a). 

It would appear that for mixes richer than 1 : 6, where low workability 
was necessary, the use of an air-entraining agent, although increasing 
workability slightly, would reduce the compressive strength by too great 


a proportion. It would be interesting to know whether the Author had 
carried out any tests on mixes richer than 1 : 6 with “ low ” workability. 


In the United States it had been suggested that air-entrained concrete 
should be used for prestressed concrete construction, and at least one pre- 


_ stressed concrete bridge had been constructed in that manner. Since 


most concrete required for prestressed concrete work was of a relatively 
rich mix with low to medium workability, Mr Smith was of the opinion that 
it was difficult to justify the use of air-entrainment in prestressed concrete 


construction, unless of course the structure was to be subjected to severe | 


i 


SRN AS Ss. 


frost action. The Author’s views on that subject would be appreciated. 
- With regard to the mix design proposed by the Author (see p. 355), 


_ Stage (1) stated that “‘ The mix is designed as for normal concrete, by any 


reliable method, such as that set out in Road Note No. 4.” - . 
It should be remembered, however, as the Author had pointed out. 


15 
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that the use of an air-entraining agent constituted the addition’ of another 
variable factor in the control of concrete. That was bound to increase the 
coefficient of variation of concrete strengths, so that concrete with the 
addition of an air-entraining agent should be designed for a higher com- 
pressive strength than with plain concrete. It would, of course, be neces- 
sary to know what degree of variation of percentage air-entrainment could 
be expected on an actual job but, in Mr Smith’s opinion, some allowance for — 
that factor should be made in the design of the mix. ; 
Mr M. F. Kennard, referring to the survey of the use of air-entraining 
agents in concrete, remarked that no mention was made of its use in 
connexion with concrete placed by means of a concrete-pump. The water/ 
~ cement ratio of pumpable concrete was often about 0-70 or higher, and con- 
sequently the compressive strengths obtained were comparatively low, and 
so an increased cement content was often resorted to. . 

On one particular contract it had been found that the addition of an 
air-entraining agent had enabled a drier and leaner mix to be used with the 
same or higher compressive strengths as previously. Because of the 
increased volume of the mix, and the saving in cement, there was also a 
slight saving in the cost of materials per mix. Since the mixer driver 
added the agent into the rotating mix, there was no additional labour or 
plant cost involved. It was expected that the amount of entrained air 
might decrease during a long length of pumping, but tests taken, although 
not sufficient in number to be conclusive, did not show any such loss. 
The lower amount of air entrained at higher temperatures, mentioned on _ 
p. 351, had been noticed, and it could be sufficient to offset in part the 
saving mentioned above. 

With normal concrete without an air-entraining agent, tests taken with 
an air-in-concrete meter of the type illustrated on p. 354, had shown an 
air content of about 1-5 per cent. Although it could be said that that 
concrete was incompletely compacted, Mr Kennard considered that most 
samples would show an air content when tested in a similar way. In 
comparing the two mixes on p. 349 did the Author mean that the 5 per 
cent of air is the total air or the entrained air. If it was the former, the 

increase in volume would be less than 5 per cent. ; 

Mr P. L. Melville, of Virginia, observed that on two points, the 
- Author’s opinions were somewhat in conflict with current views of the 

Virginia Council of Highway Investigation and Research.* The Virginia 
Department of Highways was now using air-entrained concrete on all 
construction work because it was believed that with ad hoc controls there 
was hardly anything to lose (negligible loss in strength, low cost of air- 
entraining agent) and much to gain (increased workability, cohesion, and 
homogeneity, reduced bleeding, savings due to higher yield) through air- 
entrainment. It should be noted that increase in durability was not a 


* A co-operative organization sponsored jointly by the Virginia Department of | 
Highways and the University of Virginia, U.S.A. i 4 a e | 
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_ paramount factor since, owing to economic reasons, most of the Depart- 
ments’ concrete (that was, all paving) was used near the eastern seaboard 
where climatic conditions were not usually very severe. 

The Author had mentioned the possibility of “ wet batching ” by trans- 

- porting air-entrained concrete in dump trucks, but did not appear to 
encourage such practice. In 1952, the Council had undertaken an in- 
vestigation into the transit of air-entrained concrete in non-agitating trucks. 

_ From a small mixer, centrally located, concrete having a slump of 2 to 43 

- inches and 4 to 6 per cent of entrained air was transported to a series of 

| small bridges. The times of haul ranged between 6 and 26 minutes and 

_ the distance between 2-3 and 15-5 miles. As a result of that study the 

- following was reported : 


(1) The trucking of air-entrained concrete was accompanied by a 
reduction of the slump and air content, caused possibly by 
compaction in transit. 

(2) The loss of air and slump was not a function of time of transit 
or the distance above certain minima (probably about 
5 minutes and 2 miles). 

(3), As a direct result of (1) and (2) above the compressive strengths 

increased with the trucking. 

(4) The durability through cycles of freezing and thawing as 
evaluated by the sonic modulus of elasticity was not appre- 
ciably affected and was satisfactory in all cases. 

(5) There was no evidence of segregation. 


From those results it was concluded that : 


(a) It was safe and reliable to use non-agitating trucks. 

(b) The procedure might be used for transit times up to about 30 
minutes regardless of mileage. 

(c) The percentage of air should be maintained at or near the upper 

he limit allowed by specifications. 

(d) Opportunity for moisture losses in transit should be minimized 
(for example, by the use of tarpaulin cover, good condition 
of dump-truck). 

As a result, the procedure was now commonly used for maintenance or 
- incidental construction at savings to the Department of Highways. 
; With reference to the control of the admixture, current specifications 
required that the agent be added at the mixer either to the mixing water 
or to the sand. Most contractors had installed an approved automatic 
dispenser. Its use was desirable, but certainly not essential. It was 
found that manual dispensing could be reliable : an inspector would place 
- the admixture from a calibrated measure, usually a properly trimmed tin 
cup, although in at least one case an empty mineral-water bottle had been 
found to be the right-size container to obtain 4 to 6 per cent of air. No 
difficulties had thus been encountered in dispensing the admixture. 
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Mr D. D. Fraser, drawing attention to the fact that the North of 
Scotland Hydro-Electric Board was carrying out a full-scale test of air- 
entrained concrete on the Gaur hydro-electric project, Perthshire, explained 
that it had been felt that on the high exposed locations of the Board's” 
many projects in the Scottish Highlands, concretes possessing increased 
resistance to frost attack were not undesirable. Lower permeability and 
greater resistance to chemical attack were also attractions in structures 
which would be in permanent contact with corrosive moorland waters. 

Air-entrained concrete had been in use at Gaur for the past year. 
During that time, about 5,000 cubic yards of mass concrete and 5,000 
cubic yards of reinforced concrete had been poured in different types of 
structures, using a normal range of mixes. Naturally, insufficient time 
had elapsed, as yet, to judge whether air-entrained concrete was likely to 
prove more durable than ordinary concrete under the conditions prevailing. 
As regards permeability, however, laboratory percolation tests had in- 
dicated that for pressures of up to 100 Ib. per square inch, air-entrained 
~ concrete was 50 to 100 per cent better than ordinary concrete, although 
for pressures in excess of 100 Ib. per square inch there appeared to be no ~ 
appreciable improvement. alias 

On the site, air contents of 3-5 to 4-5 per cent were entrained, the agent 
used being the triethanolamine salt of a sulphonated hydrocarbon referred 
to by the Author. For most mixes, to offset any possible reduction in 
strength, the sand content was cut by 100-125 lb., and the water content 
by 30-40 Ib. (both per cubic yard of mixed concrete). The improve- 
ment in plasticity and workability was quite noticeable and was a con- 
stant attraction to the placing squads. Even for concretes of identical 
slump, it had been found that the air-entrained variety was more work- 
able than the ordinary. There was also a lessening in the tendency of 
some mixes to segregate during transportation, and that was particularly 
noticeable at the main dam to which the 8-5 : 1 hearting concrete—having 
24-inch aggregate—had had to be hauled in lorries over a distance of } mile. 7 

Regarding the combined effect on strength and workability, Table 3 _ 
gave the average results of field test cubes made from air-entrained 
concrete during the past year and from ordinary concrete during an im- 
mediately preceding four-months period. Because more cubes had been 
’ made during the air-entrained period than during the ordinary period, 
~ some of the results were not strictly comparable, but nevertheless they _ 
did give some indication of the practical effects of an air-entraining agent. 

It would be seen that the air-entrained concrete had been more work- — 
able than the ordinary concrete, as evidenced by the slight general increase __ 
in slumps. On strength and density, the agent seemed to have had no 
decisive effect one way or the other; in some cases there had been gains, 
in others losses, but on the whole the variations had been small. The 
effect of the agent on the lean 8-5: 1 mix was worth attention, however, 
since in that particular mix, improvements in strength, density, and 
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workability had all been obtained. That bore out the Author's remarks 
and was in agreement with site opinion that the agent had a more beneficial _ 
effect on the leaner harsher mixes using 14-inch and 24-inch aggregates than _ 
on the richer mixes using 3-inch aggregate. In the 8-5: 1 mix, the aggre- 
gate was held in position much better, the workability improved to a greater 
extent than the tiny increase in slump might suggest, and placing and 
consolidation were made easier. Perhaps that was the explanation of the 
increased strength and density. 

The Author had rightly pointed out that air-entrainment was not likely 
to be adopted generally in Great Britain. However, for large mass 
structures using lean mixes, such as dams, it appeared that it might prov: 
advantageous. Nor were possible improvements in the durability of thin- 
walled structures, such as aqueducts, to be rejected lightly, especially _ 
when all those advantages were to be had at little or no extra cost. 

Dr M. M. Kansoh, of Alexandria, referring to the statement on 
p. 340: “The improvement in workability has not been satisfactorily 
explained,” observed that a successful foaming or air-entraining agent 
should contain a wetting or so-called surface-acting agent in addition to 
agents which improved the stability of the foam produced. A satisfactory 
explanation of the improvement in workability arose from the knowledge _ 
of the ability of surface-acting agents to keep fine particles in suspension, 
which facilitated the motion of individual sand and cement particles past _ 
one another. 

It was stated on p. 346 that “an increase in air content results in a 
loss of strength, but the entrainment of air enables the water/cement ratio 
and the sand content to be reduced substantially, thereby regaining most 
if not all of the lost strength.” Responsibility for regain of strength was 
also a known attribute of the wetting agents which assisted in the wetting- 
out of the dry cement particles, with the result that the amount of dry or 
imperfectly hydrated cement in the mixers greatly reduced or, in other 
words, the cement was fully or more efficiently utilized. Ordinary con- 
crete containing no such agent could sometimes be re-set after being 
crushed and mostened. That was an indication of the existence of dry or 
imperfectly hydrated cement. __ 
__ Reduction of water content resulted in a reduction in cracks during 
_ drying out. That was another advantage to be added to the credit of 
air-entrained concrete, especially in “ precast concrete ” industry where 
too-wet mixes were used (p. 338), and in the construction of liquid con- 
tainers. 

Regarding the measurement of air content, the gravimetric method 
was the most accurate one. The standardization of vibration methods did 
not seem to be impossible. At least, a vibrating table of chosen stroke 
and frequency could be used for a standardized length of time. Such a 
method could be used in the laboratory and, wherever possible, in the — 
field to eliminate the human element. In other cases, results obtained’ 
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from one such apparatus could be used, as a measure, to standardize 
manual methods of vibration. 

The volumetric method was doubtful because the air could not be 
completely removed by agitation since the air bubbles “ are very stable ” 
(p. 342). In any case, the volume of displacing water represented not only 
the volume of entrained air, but also the volume of the voids which 
_ existed unintentionally in the concrete. 

j The pressure method could give only relative, not absolute, results. 
- The apparatus should perhaps be calibrated before use. : 

2 Could the Author give some account of the effect of air-entrainment on 
heat and sound conductivity and on the tensile and bond strength of 

concrete, all of which one would expect to be improved, the first two as a 
consequence of the existence of billions of air bubbles, and the last two on 
account of minimizing the number and depth of cracks ? 

Mr G. S. Eldridge, of Canada, remarked that air-entraining admixtures 
in concrete had been in use in Vancouver, B.C. since 1929. At that time, 
central mixing plants had just become general, and the matter of trans- 
portation of concrete without segregation had been a problem. Adding 
fines did not solve it. Certain waterproofers had shown a marked improve- 
ment in transportation in fixed-body bathtub trucks, even over plain 
concrete mixes in revolving-drum trucks, and it had appeared that in that 
existed a principle of fundamental importance. It was soon found that 
_ the amount of air added to a mix was the criterion of non-segregation and 
of workability of the concrete. Too much air gave great stability to the 
mortar, but reduced the strength. The greater the percentage of air; the 
_ greater the reduction in percentage of water, but there was a definite point 
(between 3 and 4 per cent of air) where the loss of strength due to increase 
in air more than offset the benefit of the reduction in water. 

- What really had delayed the general acceptance of air-entrained con- 
crete was the fact that 24 years previously, concrete mixes were designed 
on a maximum-density basis, and attempts were made even to remove 
_ (by vacuum) the 1 per cent of air usually contained in plain mixes. 
_ Those mixes were harsh, and were very difficult to place without gravel 
_ pockets, so that there was very little maximum density, or even water- 
__ proofness, in the emplaced concrete. 
Generally speaking, plain concrete required about 10 per cent more 
- water than did air-entrained mixes with about 4 per cent air and pro-_ 
 perly controlled sand and slump. MacMillan, of the Portland Cement 
Association, had stated in 1930 that the main problem remaining unsolved 

after 30 years of research was the elimination of the 10 per cent of excess 
water needed in plain mixes in order to get reasonable placement. It — 
was that 10 per cent of excess water that caused most of the troubles with 
concrete through bleeding, forming water channels, and floating cement 
to the surface, resulting in laitance, and giving poor bond between pours in 


walls and dusting on slabs. 
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At the outset of his investigations, Mr Eldridge had felt that air- 
entrained concrete would not be accepted unless it produced equal strength 
for equal cement, and it was not long before he was able to achieve that. 
Since then, numerous tests had been made in many independent labora- 
tories which proved that equal strength could be obtained from air- 
entrained concrete using equal cement. It was true that that was con- 
trary to many theories published at the present time, but a recent pamphlet 
by the Portland Cement Association showed a gain in strength of air- 
entrained concrete over plain concrete when the amount of air was kept 
down to a certain level, depending on the size of the gravel used. For 
example, greater strength was obtained on 14-inch gravel with less than 
3 per cent of air, on ?-inch gravel with less than 5} per cent of air, and on 
-inch gravel with less than 63 per cent of air. 

On two large projects, in Canada, keeping the air down to 3 or 3-5 
per cent, and seeing that the slump was not greater than in plain con- 
crete, had resulted in a gain in strength of 7-9 per cent on an average of 
56 cylinders of air-entrained concrete compared with 56 of plain concrete. 


(See Table 4.) 
TABLE 4 
Cylinders Cement : Average Compressive strength: | Average of 
6” x 12” sacks/cu. yd slump: Ib./sq. in. pn as 
of concrete inches total mix: 
7 days 28 days per cent 

Job “ A’’—a dam : 
Average of 4:28 3 2,187 . 3,599 _- 

28 cyls plain concrete 
Ditto 4-28 3 2,444 3,879 3-0 

with admix | 

Average of 3:5 HN) 1,957 2,966 3:8 

53 cyls with admix. 
Average of 4:0 3 2,164 3,321 3:8 

75 cyls with admix, 
Job “ B”’—a bridge : 
Average of 6-0 3-35 2,140 3,196 —_ 
~ 35 cyls plain concrete 
Ditto 6-0 1:75 2,865 3,984 3:1 

with admix. ; 
| | 


Norrs.—In job A, 6-inch crushed gravel had been used in the mix, and all rock 
larger than 1} inch screened out to make the cylinders. That was why strength had 
appeared so high on the cement content of that concrete. 

The difference in slump in job B of 1-6 inch in favour of air-entrained concrete 
should not increase the strength more than 400 Ib. per square inch, whereas the in- 


crease for air-entrained concrete was nearly 800 Ib., a gain of 400 lb. per square inch 


using the same cement content per cubic yar 


d. 


Mr Eldridge thought Fig. 5 was very misleading, and should not have — 
been published for the very reasons mentioned in the paragraph below it. 
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Air-entrained concrete could not be compared with plain concrete with 
the same water/cement ratio, since the main object of air-entraining was 
to cut out the 10 per cent of excess water and still get better placement. 


- Further, a 6-sack mix with 8 per cent of air would have a yield of 8 per 


cent more than a plain mix, and the Author was comparing a plain 6-sack 
mix with a 5-5-sack air-entraining mix with 8 per cent of air and about 
20 per cent more water than required to give equal placement. 

The Paper indicated a loss of strength by the use of air-entrained 
concrete. Such loss of strength was not necessary if proper control was 
exercised by (1) cutting the water down by 10 per cent, (2) using not more 
than 4 per cent of air, and (3) reducing the amount of sand by 3 per cent. 

In the past, mixes were often designed for maximum density, on the 


_ theory of an ideal grading that would give minimum voids and maximum 
_ density. Such mixes were much too harsh to place, and in practice on 


structural work the concrete would be badly honeycombed, and would 
have far from uniform strength or uniform maximum density in place. 

It was well known that about 25 per cent excess mortar over that 
required to fill the voids was necessary to obtain reasonable placement. 
Even then, without air-entrainment the extra work involved in placing, 
and the difficulty of ensuring a good stripping job, did not justify the use 
of plain concrete, especially on structural or architectural work. In fact, 
so much advantage had been found in using air-entrainment, in the pre- 
vention of segregation, obtaining greater uniform strength and density in 


is place, greater workability and ease of placement, reduction in bleeding of 


slabs and absence of laitance, that no contractor on structural work in 
Canada would consider using plain concrete. 
In short, air-entrained concrete produced at least equal strength with 


much greater workability, but a rigid method of quick control was impera- 


tive. Such control had been found in the weight per cubic foot of an 


average sample of the mix compared with the weight of a cubic foot 


calculated from absolute volume of each ingredient. 
Mr. Eldridge gathered that the Author considered air-meters a more 


accurate way of measuring the air content. The Paper emphasized that to 


obtain an accurate figure of the air content with the weight-per-cubic-foot- 


method it was necessary to take an average sample of the concrete. 
That was quite true, and until an inspector was reasonably good at taking 


average samples he should prove his figures by taking three samples from 
the same mix. If an average was difficult to obtain on a cubic-foot sample, 


or half a cubic foot, it was still more difficult with 0-25 or 0-2 of a cubic 


foot, which was the amount used when testing by air-meter. 

‘The percentage of air recorded by an air-meter is three or more times 
less often accurate than when obtained by the weight-per-cubic-foot 
method, even if one could rely on the assumption that the air-gauge zero 
had been checked and the gauge was reading correctly. The air was in 
the cement paste, and if too much gravel was included in the sample the 
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percentage of air obtained would be too low, whilst if too much mortar — 
was taken in the sample the air content would be too high. Whenever : 
possible, when using an air-meter, Mr Eldridge weighed the sample in the 

bowl and checked the gauge reading against the weight per cubic foot. 

The Author, on p. 351, mentioned the fact that Walker and Bloem ~ 
had found that sand between No. 30 and No. 50 A.S.T.M. sieve had a | 
marked effect on the amount of air that could be entrained. Mr Eldridge’s 
experience had been that while the No. 30 to 50 portion was beneficial to — 
air content, the portion between No. 50 and 100 had much greater effect — 
on air entrainment, as also on the workability of plain concrete. 

It had been found that a glass gauge with a 8-way valve was the best 
admix dispenser. The inspector could see the actual amount going into — 
the mixing water. Automatic dispensers were not visual, and should be 
frequently checked as to actual delivery to the mixer. 

A proper test for bleeding was probably: the. best indicator of non- 
segregation and workability. A slump cone was often used to determine 
workability, but it was not all that one could wish for. A simple com- 
parison might be made in the field by driving a bucket of each kind of — 
concrete of exactly the same slump over a rough road and measuring the _ 
amount of water coming to the surface. 

A simple explanation of the greater flowability of air-entrained con- 
crete might be arrived at by considering the fact that in a heavy-duty 
engine it was cup grease, not thin oil, that was used to keep the shaft from 
contact with the bearing metal, to reduce friction. Similarly, the fat 
plastic mortar in air-entrained concrete kept the gravel pieces apart, 
and the friction of rock on rock was greatly reduced. A well designed 
concrete (air-entrained) might be made to flow horizontally at least 25 feet _ 
when necessary without segregation of the gravel. 

On p. 339 it was stated that air-entrainment had been discovered in the 
north-eastern States, where certain pavements in which there had been 
air-entraining cement gave a more durable concrete and greater freedom 
from surface scaling due to freezing and thawing and also to the addition 
of calcium chloride. That discovery was, to the best of Mr Eldridge’s 
knowledge, about 1936, 7 years after air-entrained concrete had been used 
for structural purposes in British Columbia. It’s use in mass concrete had 
not been considered at that time, owing to the comparative ease of placing 
_ pavements and other large masses. The climate in Vancouver, where it | j 

was first developed, was somewhat similar to the South of England, where 
freezing and thawing were not a problem as in the eastern and middle- 
western parts of America. dw 3 

Mr Eldridge was convinced that the main advantages of air-entrain- 
ment were the prevention of segregation, the much greater ease of place- 
ment, and the greater uniformity of strength and waterproofness in place. __ 


Those were advantages that were world-wide in application—in hot, cold, 
or moderate climates. 
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It might be of interest to mention that there were six central mixing 
plants in the Vancouver area, and that practically all the concrete produced 
by them was “ air-entrained.” 

In conclusion, there was ‘no doubt that air-entraining in concrete had 

made a very definite advance in eliminating the serious fluctuations in 
strength, density, and waterproofness in the average structural concrete 
job. It was essential, however, that a specification be laid down for 
admixtures, as to their uniformity, and that a proper measuring device 
be used, too much variation in measuring admixtures having been respon- 
sible in the past for an unnecessarily wide variation in air content. The 
_ grading of the sand should also be kept fairly uniform, especially the 
- portion between 48 and 100-mesh, in order to keep the percentage of air 
constant for the same amount of admix. With plain concrete, sands with 
less than 12 per cent of 48-mesh gave harsh mixes, but sands with as low 
as 5 per cent of 48-mesh had been used when no fines were available, by 
adding double the amount of admixture ordinarily used. That gave 
about the same amount of air as a well graded sand with half that much 
admixture. 

The Author, in reply to Mr Richards, observed that whilst the explana- 
tion was commonly accepted, it was not necessarily true that the reason 
for the use in America of more workable concrete for road construction 
than was used in Great Britain was largely to expedite the construction. 
_ For example, on an airfield contract at present in progress in England, 
concrete of low workability was being produced for runway construction 
_ at the rate of 15,000 cubic yards per week, which corresponded to 3 miles 

per week of a roadway 24 feet wide and 8 inches thick. The conditions 
in airfield work lent themselves more readily to rapid construction than 
did those of road work, but that rate was believed to be as high as that 
reached in the United States. Further, more workable concrete was found 
to make the construction of high-quality concrete roads more difficult, for 
it tended to flow under the action of surface vibrators in the direction of — 
even a slight crossfall or gradient ; that led to poorer riding quality. It 
was for those reasons that the use of air-entrained concrete was not con- 
sidered to be highly advantageous for high-quality road construction in 
Great Britain. The building of high-quality concrete roads, however, 
represents in Britain one of the very minor uses of cement. The largest 
uses were in the building and precast-products industries, and it was 
suggested in the Paper that the manufacturers of certain precast 
products could benefit by the use of air entrainment as was the case in 
America. . 
‘ - In contrast to Mr Richards’ suggestion that in the United States the 
air-entraining agent was generally incorporated in the cement, Mr Melville 
had written as though the usual practice were to add the agent at the 
mixer. The Author had had no first-hand experience of American methods, 
but from conversation with a number of American engineers and from 


? 
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numerous Papers on the subject it appeared that both methods were . 
widely used, and that whilst each had its own merits and demerits neither 
was gaining universal approval. 

Mr Smith’s doubts about the use of air-entrained concrete for prestressed 
work, where high strengths were necessary, were supported by the results 
shown in Fig. 7. Such doubts, however, were based on the results of 
laboratory tests and it was possible that, because of reduced segregation 
and greater ease of compaction around congested reinforcement, the use of 
entrained air might be advantageous in prestressed concrete. There 
seemed to be insufficient evidence so far to enable a valid judgement to 
be given. No tests had been made at the Road Research Laboratory on 
air-entrained mixes richer than 1 : 6, since the work had been confined to 
mixes in the range suitable for use in roads. 

The Author had no comparative figures for the variability of ordinary — 
and air-entrained concrete and such figures would be difficult to obtain. 
_ If results from different jobs were compared it would be almost certain 
that differences would exist which would not depend upon whether or not — 
air-entrained concrete had been used, whilst if experimental work was 
undertaken to obtain the particular information it was likely that rather 
more careful control than normal might be exercised and the comparison 
would not then be a guide to what might be’found in practice. Only by 
continued experience with air-entrained concrete could it be determined 
whether the ratios of minimum to average strength used in designing 
ordinary concrete mixes could be used satisfactorily with air-entrained — 
concrete. 

Mr Kennard had made the important point that, for estimating the 


increase in yield, the effective air content was that in excess of what would _ 


remain in ordinary concrete after compaction. Inevitably some air voids 
were present in all concrete and if, in practice, the air content of ordinary 
concrete was less than one per cent, the compaction might be considered 
as satisfactory. In laboratory work it was generally possible to obtain a 
greater degree of compaction than in practice and the left-hand points of 
the four lines in Figs J (a) and (b) showed that air contents below one per 
cent were consistently obtained. The comparison made on p. 349 did not 
refer to particular results but to the principle. The figures could be taken 
as referring to ordinary and air-entrained concrete containing 1 per cent 
_and 6 per cent of air respectively. 

The Author was grateful to Mr Melville for his contribution concerning 
the transport of air-entrained concrete. His conclusions would be of — 
wide interest, for little experience in transporting air-entrained concrete 
had yet been obtained in the United Kingdom. 

Mr Fraser had also recorded some very interesting experiences, which | 
were especially useful because they related to practice in Great Britain. 
In particular, air-entrainment produced a greater increase in workability — 
than would generally be associated with the observed increase in slump. 
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That was a feature which could only be fully appreciated by working with 
air-entrained concrete. 

The possibility mentioned by Dr Kansoh of the more efficient hydration 
of cement in the presence of a wetting agent had been suggested by several 
other authorities. So far as the Author was aware, however, the reality 
of that effect had still to be proved and he would be interested to hear of 
any confirmatory data. 

The Author could not agree with Dr Kansoh’s unqualified statement 
that the gravimetric method of measuring air content was the most 
accurate one. It was accurate only if the proportions of the various con- 
stituents in the sample being tested, as well as their specific gravities, were 
accurately known. In the field that information was practically impossible 
toobtain. Even if weigh-batching equipment was correctly calibrated and 
carefully used, and the moisture contents of the materials were accurately 
known, the proportions of the materials in the sample might differ widely 
from those of the materials entering the mixer. Adhesion of mortar 


around the blades of the mixer, or the breaking away of adhered material 


might result in a leaner or a richer batch of concrete ; if the concrete was 
sampled at the discharge chute, the proportions would, in general, depend 
on whether the sample was taken at the beginning, middle, or end of the 
discharge of the batch ; and if the concrete was sampled after it had been 
placed in the formwork it was extremely difficult to obtain a sample of 
representative proportions. Sampling errors, of course, applied to all 
methods of test, but in using the gravimetric method the effect was two- 
fold. Not only might the air content of the sample not be representative 
of the mass but, if the mix proportions were not truly representative, a 
very considerable error could result when calculating the air content of the 


sample. Those were some of the very real difficulties associated with the 


gravimetric method and which, together with the weighing and calculation 
involved, made it much less suitable than the pressure method for use in 


Beechic field. 


_ The pressure-type apparatus did, of course, require calibration before 
use but that had been only briefly referred to in the Paper because it had 
been dealt with by the various Authors referred to in connexion with the 
measurement of entrained air. In the usual procedure for calibration, a 
known volume of air was introduced by placing a cylindrical vessel, with 
its open end downward, in the container and filling up with water. Pres- 
sure was then applied until the indicated air content equalled the volume 
of air introduced, expressed as a percentage of the volume of the container. 
The pressure was noted and that pressure was then used for measuring the 
air content of concrete. 

The Author had no evidence that the insulating properties of concrete 
- for heat or sound were affected by entrained air, but it was well known 
that aerated (lightweight) concrete containing a very much larger pro- 
portion of air exhibited much lower thermal conductivity than ordinary 
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concrete, It was reasonable to assume therefore that entrained air would 
result in some reduction in thermal conductivity, although the effect 
would probably be very small. 

Little was known of the true tensile strength of concrete, but the 
flexural strength was reduced for a given water/cement ratio in the same 
way as the compressive strength was reduced. The reduction was smaller, 
however—about two-thirds as much by proportion—and it was easier to 
obtain an increase in flexural strength for a given workability than it was 
to obtain an increase in compressive strength by entraining air. 

Few data were available regarding the effect of entrained air on the 
bond strength of concrete with ordinary steel reinforcement, but some 
work had been done in America 21, 22 using deformed bars. In general, 
that work showed a decrease in bond strength with increasing air content, 
although in some cases a small amount of air had been beneficial. The 
effect was less, however, than the effect of entrained air on compressive 
strength. 

It was interesting to note that Mr Eldridge considered the gravimetric 
method of measuring air content to be more accurate than the pressure 
method. That matter had already been discussed in connexion with Dr 
Kansoh’s comments. The data in Table 4, contributed by Mr Eldridge, 
- were interesting and helped to show that in practice the strength of con- 
crete did not have to be reduced when an air-entraining agent was used. 
That point was made in the Paper and the Author did not therefore 
consider that the figures given were misleading. 

The Author could not agree with Mr Eldridge’s suggestion that a test for 
bleeding might be the best indicator of non-segregation and workability, 
for the three properties concerned were not correlated. Most of the work — 
at the Road Research Laboratory concerned mixes of low workability, in 
which bleeding did not occur. The problems associated with segregation 
and with workability, however, were as great with those dry mixes as with 
much wetter mixes. The evidence available indicated that each of the 
properties of fresh concrete had to be considered separately. 

Nor could the Author agree with Mr Eldridge’s statement that 25 per 
cent excess mortar was necessary to obtain reasonable emplacement. 
Indeed, some excellent concrete structures had recently been built in 
which gap-graded aggregate of 14-inch maximum size and little or no 
excess mortar had been used. In one particular case, a 1 : 8 mix had been 
used in the vibrated walls of a reinforced-concrete wind tunnel and that 
had produced the perfectly smooth finish required for the rather special 
conditions. That type of mix had the added advantage that the shutter- 
ing could be removed after 3 to 16 hours, so that the surface could be 
examined for flaws at an early age. 


21H. Ww. Russell and E. Hognestad, “ Effect of entrained air on the bond strength — 
of concrete.” Proc. Highway Res. Bd, vol. 28 (1948), p. 195. ; 


geil Hognestad and QO, P. Siess, “‘ Effect of entrained air on bond between concrete 
and reinforcing steel.” J. Amer. Concr. Inst., vol. 21 (1950), p. 649. 
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CORRESPONDENCE 
on a Paper published in 
Proceedings, Part I, July 1953 


Paper No. 5895 


‘‘ The Control of Concrete Quality ’’ + 


by 
Leonard John Murdock, M.Sc.(Eng.), Ph.D., A.M.I.C.E. 


Correspondence 


Professor W. T. Marshall, felt he should challenge the statement 
made on p. 444: ‘“‘ Concrete technology is largely neglected in the univer- 
sities. . . .” The truth of that statement depended on what was meant 
by the words “concrete technology.” If it meant the fundamental 
principles which should be observed if concrete of suitable strength and 
workability was to be made, then he disagreed entirely with the Author. 
Many professors and lecturers had, for a number of years, taught their 
students the importance of the water/cement ratio, the value of con- 
solidation by vibration, the best types of aggregate to use, the advantages 
of weigh-batching, etc. Those were the fundamental principles which 
should be and, in general, were being taught in the universities. 

If, on the other hand, Dr Murdock meant that the universities were 
not teaching their students details of the various pieces of plant required 
to make good concrete then Professor Marshall submitted that they were 
doing the right thing by not including that in a university course. Prac- 
tical details of that nature were best learnt in the field and not in the 
lecture theatre. : 
. The universities had shown their interest in concrete technology by 
_ establishing a Chair in that subject at the Imperial College in 1945. That 
Chair was largely concerned with post-graduate work, and students were 
attracted from all universities ; it would be inadvisable from the national 
 yiewpoint to have more than one post-graduate Chair in Concrete 
Technology. 
A glance through the Papers printed in the Magazine of Concrete 
Research would convince Dr Murdock that the universities were certainly 
s} doing their share in that aspect of conerete technology. ; 
| + Proc. Instn Civ. Engrs, Part I, vol. 2, p. 426 (July 1953). © 
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In Professor Marshall’s view the people who required education in 
concrete technology were the men employed on the site. They were the 


people who mixed and placed the concrete and it was largely a lack of 


knowledge on their part which was responsible for the mistakes shown in 
Figs 3 to 9 in the Paper. 


Mr James Ford, of New Plymouth, New Zealand, stated that concrete 


- structures had been built successfully before scientific methods had been 


applied to the processes of mixing and placing. The soundness of their — 


construction had been demonstrated by the way in which they had resisted 


demolition in war and major earthquakes. The reason was that the mixing _ 
and placing of concrete were an art as well as a science, especially from the _ 


mixer to the final deposition. R 
For an art to exist, there had to be practitioners of that art, and for 


those practitioners to be successful, they should have a practical under- 


standing of the materials of their art and a mastery of its tools and pro- 


cesses. That was empirical knowledge implying good judgement in its 


application. 

The mixing and placing of concrete were referred to as workmanship, 
and thereby their true nature was overlooked. _ . 

Mr Ford, who had been engaged on construction work at the time 


that scientific methods of control had been introduced into concrete _ 
mixing and placing, had had a fortunate association with an Overseer of | 


Works who had not only appreciated the new methods but also had a 
thorough understanding of the element of art in the old empirical methods. 
The Overseer had managed to keep with him a team of key men of long 
experience who could be relied upon to produce a thoroughly sound finished 


job, and the structures for which he had been responsible had few if any __ 
of the defects shown in the Author’s Figs 3, 4, 6, 7, and 8. The Overseer 


had persuaded Mr Ford to spend some time with the team to gain an 
appreciation of what its members really knew. They could tell by the 
appearance of the concrete in the mixer what its quality would be like 
from the point of view of placing and workability ; they appreciated the 


importance of the correct amount of water, and that the limits from too — 


little to too much were very narrow; they could judge quite well, by 
appearance and handling, the grading of fine aggregate; they had a 
thorough understanding and appreciation of the correct methods of 
_ placing concrete and filling forms. ce 
On large jobs raw workmen had been broken-in as follows ; they 
had been lined up along the formwork and each had had his part of the 


work explained to him. Later, when the form work had been stripped, — | 


they had been lined up in the same positions, and any defects pointed out, 
so that each man could do better next time. 

From that experience Mr Ford had learned that good teams could be 
trained up for small jobs, but the difficulties were with big jobs, employing 


large numbers of men. The best that could be done was to place known _ 


& 


- 
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good men at strategic points throughout the job and to spend as much 
time as possible on the job with them—especially at the critical stages. 
In the case described above, the sources of trouble had been traced to :— 


(1) Bad feeling amongst members of the placing teams. Their work 
had been arduous and the steady supply of concrete from the 
mixer had given them no respite. On adjoining sections 
they had seen other workmen engaged on tasks not so arduous 
nor continuous, yet drawing the same rates of pay. The 
result had been bad workmanship in placing. If at all 
possible, the more arduous work should be compensated. 

(2) When working on a three-shift basis, the workmen on the mid- 
night to 8 a.m. shift had not been so alert and bad placing 
and consolidation could often be traced to that shift. Pro- 
bably two 10-hour shifts, omitting the hours from midnight 
to 4 a.m. would be found to give a better quality of work- 
manship and as great an output. 

(3) Lack of appreciation by junior engineers and by technical 
assistants of the art or craftsmanship factor as it applied to 
the job in hand. When conversing with foreman gangers 
and workmen, they made criticisms of matters and difficulties 
of which they had no real appreciation. That caused bad 
feeling which in turn led to poor work. The remedy was to 
be found in plenty of first-hand experience with the placing 
gangs. Intimate contact with the work developed that 
personal judgement (artistic in character) of where the 
difficulties lay, what the possibilities were, and the proper 
steps to take. Good leadership played no small part in 
ensuring that the good concrete which came from the mixer 
was still good concrete in the finished job. 


The foregoing was what Mr G. A. Maunsell had meant 1” when saying 
« _ . that first-class scientists seldom make good engineers. The fact 
is that engineers are essentially craftsmen and the engineering profession. 
should be the great fosterer of the crafts” and “ The chief glory of engi- 
neering lies in the marshalling of craftsmanship—artistic craftsmanship and 
creative effort.” 
‘The proper use of vibrators when placing concrete called for intelligence 
on the part of those using them. Their effect was from the empirical 
application of the molecular theory of liquids. If a granular mass was 
vibrated at a suitable frequency and amplitude it would behave as a 
liquid. That had first been demonstrated by Robert Hooke, of Hooke’s 
Law fame, who had used a container of sand placed on a drum. Beating 


at ; an G. A. Maunsell. James Forrest Lecture, 1951, ‘*Some Unsolved Problems in 
2 Civil Engineering.” J. Insin Civ. Engrs, vol. 36, p. 361 (Oct. 1951). 
16° 
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the drum had been the only way he could obtain the necessary vibration — 
of the container and its contents. 

Solid objects sank and light ones rose in a vibrating granular mass. — 
The application to concreting was that the fine aggregate, under the action 
of the vibrator, behaved as a liquid in its neighbourhood, and the coarse 
aggregate tended to sink init. In practice, the concrete first settled down — 
and, if the vibration was continued, the coarse aggregate sank through the © 
fine, causing segregation. 4 

Concrete could also be made to flow because of that effect, hence the 
temptation to use the vibrator to move it along the form. The result — 
again was segregation and associated troubles. The effect of the mixing — 
water was probably that of a lubricant. The difficulty was to obtain © 
quantitative results, and the correct frequency and amplitude to cause } 
the concrete to settle readily without segregation. The use of vibration — 
was not a substitute for spading and slicing. Those operations were still — 
necessary to get the concrete into corners and angles in the formwork, and — 
thoroughly compacted around the reinforcement. ; 

Internal vibrators, when running, should not be allowed to come into i 
contact with reinforcement. If that was allowed the reinforcement was 7 
shaken and the bond would be destroyed between it and the concrete in 
which initial set had begun. 

The element of craftsmanship in placing concrete was just as necessary 
with vibrators as without them. 

Mr H. C. Erntroy commented that a visual inspection of the points — 
on each of the graphs (Figs 10 and 11) would hardly appear to justify the 
type of mean curve shown, which could almost equally well be taken as a — 
straight line through the origin. : 

He was in entire agreement with the Author that “. . . the variability 
depends on the method of production and the control adopted on the 
site...” (p. 439). He appreciated that for many sites it was not — 
possible to obtain sufficient detailed data to determine the degree of control, 
but nevertheless it seemed a little surprising that the Author had drawn 
only one mean curve through the points, which were shown separately 
for weigh- and volume-batching, particularly since they appeared to form 
two fairly distinct groups. 

On the basis of those mean curves the Author had deduced that “. . ._ 
it is clear that for average strengths of more than about 3,000 lb. per 
square inch, neither the total variation nor the standard deviation shows 
any indication of increasing with increasing strength.” Although it was — 
felt that the results would hardly confirm that contention if points for 
weigh- and volume-batching were to be considered separately, it might 
be of interest to note that a theoretical study led to a very similar 
conclusion. 

The variation in the compressive strength of works test cubes resulted — 
from a number of factors. For convenience, those might be considered — 
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in two groups: (a) that produced by the varying rates of hardening of 
the cement and the inherent variations in the methods of making, curing, 
and testing cubes ; and (b) that arising from the fluctuation in the water/ 
cement ratio. The latter group included all the variations caused by the 
method of batching, since variations in the proportions of the cement and 
aggregates and in the grading of the aggregates would probably result in 
an adjustment of the quantity of water added at the mixer in attempting 
to maintain a constant degree of workability. 

A theoretical analysis of the effect of variations in the water/cement 
ratio on the compressive strength had been carried out as follows: it was 
assumed that a specified or desired water/cement ratio, r, could be main- 
tained within a range of ++ » x r where m would vary with the degree of 
control being exercised on the job. It was realized that that assumption 
was probably not justified entirely since it was far more likely that the 
mix would be wetter than desired rather than too dry. That should not, 
however, affect the basic conclusion drawn from the analysis. The 
following values for n were selected : 
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0-02 (very good control) 
0-10 (moderate control) 
0-25 (poor control). 


From the curve of compressive strength against water/cement ratio 
shown in Fig. 1 of Road Note No. 4,18 the strengths at 7 and 28 days 
corresponding to the upper and lower limits of the variation in water/ 
- cement ratio for average values ranging from 0-4 to 1-0 by weight were 

taken and the range of variation obtained by subtraction. That value 
| for any selected water/cement ratio had been plotted against the corre- 
3 sponding mean strength for that water/cement ratio giving the curves, 
_ for the various values of n, shown in Fig. 13. Since the standard deviation 
. was directly proportional to the total variation for a given number of 
| results the vertical axis might also be taken to represent the standard 
| deviation to a different scale. ox 
| __ It might be seen that each of those curves could be represented approxi- 

_ mately by two straight lines, one through the origin and the other hori- 
_ zontal; that was, in effect, the type of relationship suggested by the 
Author. It was also of interest to note that the slopes of the lines through 
the origin were not constant for other ages of test not shown in Fig. 13, nor 
was the horizontal line at the same level throughout. However, the 
changeover point in the relationship appeared to be constant at a compres- 
ive strength of about 3,000 lb. per square inch and provided some con- 
mation of the Author’s statement quoted previously. 

The variations in concrete cube strength considered in group (a) seemed 
| likely to be approximately proportional to the average strength. The 
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total variation would be made up from the two components (a) and (0), 
and would therefore not necessarily be of the precise form indicated in 
Fig. 13. It was hoped that further evidence on that subject would 
become available from work which was being undertaken by the Cement 


Fig. 13 
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& Concrete Association to determine the relationship between the range — 
of variation (or standard deviation) and the average strength of sets of — 


works test cubes for varying methods of control. 


Mr A. W. Shilston observed that the standard of manufacture of 4 
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in-situ concrete, in Great Britain generally, was low, and practice lagged 
a long way behind knowledge of mix-design procedure. 

He thought that the problem of concrete production was essentially 
ethical. The will to make the effort (which would involve no great extra 
cost) to produce a high quality material was lacking, and until that basic 
defect was remedied, good concrete could never result. There should be 
a concerted move to instil high ideals in tradesmen and contractors in 
carrying out their work. A completely new approach was required by 
many contracting firms and the example, as in all matters, should come 
from the top. Until commercial motives were more closely allied to pro- 
fessional conceptions, risk of poor concrete production would remain. 
That could be readily done by ensuring that the boards of civil engineering 
contracting firms were well represented by chartered civil engineers. 

Good concrete required understanding of the complicated nature of the 
material. Ignorance of the basic principles of concrete manufacture was 
appalling among foremen, gangers, and leading hands ; without further 
training it was difficult to see how improvement could be made and the 
introduction of trained concrete technicians was vital. Long experience, 
usually such an invaluable commodity in civil engineering works, was fre- 
quently detrimental to good-quality concrete manufacture, and it would 
be better if a new community of supervisors and executants were trained, 
untrammelled by preconceived ideas. 

Despite the extensive literature produced, he felt that the obligations 
associated with prestressed-concrete construction were still not appreciated 
by some firms embarking on that type of work. For that reason open 
tendering should be strongly discouraged for both prestressed and normal 
reinforced-concrete work; invitations to tender should be invited from 
selected firms of repute. Dr Murdock’s photograph of defective in-situ 
prestressed concrete (Fig. 4) confirmed Mr Shilston’s own preference for 

the use of precast prestressed concrete wherever possible. 

Dr Murdock had commented on the need for an improved type of 
concrete-mixer, but Mr Shilston felt that the Author had rather lightly 
dismissed the use of the pan-type which produced a consistently uniform 
mix and had many advantages over the more usual types of mixer. It 
was not unusual, at the present time, for the pan-type of mixer to be 
specified for works where quality-concrete control was essential and he 
felt that that trend would continue. 

~ He observed that he had not yet found an accurate and reliable water 
tank incorporated as an integral feature in a concrete-mixer and he would 
like to hear whether the Author’s experience had been the same. He 
considered, if positive control was required, that it was preferable for the 
_ water tank to be a separate-purpose unit of small horizontal cross-sectional 

area. 
He endorsed Dr Murdock’s concluding remarks regarding the need for 
co-operation on the site between the contractor and the engineer. Fewer 
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subjects were more likely to cause bad feelings between the contractor and 
the resident engineer’s staff than concrete control—particularly on the 
smaller works—since the standard of concrete varied frequently in direct 
proportion to the persistence and tenacity of the engineer’s representative. 
A positive effort on the part of the contractor, to supervise the operations 
of his workmen, was, therefore essential if good concrete and harmonious 
relations were to be obtained. 

Mr F. A. Sharman remarked that a Stationery Office publication 19 
could be produced to support the view that with “good” control, the 
target strength should be 154 per cent of minimum, and that “ fair” 
control required 172 per cent of minimum. The relation between average 
strength and variation was such that with an average strength below 
4,000 lb. per square inch the minimum was expected to be below half the 
average. Against that, records existed of jobs (apart from such special 
cases as London Airport) on which much better results had been achieved. 


wind 


For example, the weigh-batched concrete at Port Talbot gave minima of — 


2,600 and 2,800 Ib. per square inch and averages of 3,744 and 3,582 Ib. 
per square inch respectively.2° 
When Dr Murdock’s collection of results was examined, it might be 
expected that a “normal” level of control would be indicated, with a 
few backward or exceptionally difficult sites showing greater variation, and 
still fewer jobs of the London Airport variety producing the smallest 
variations possible. The actual state of affairs was quite different ; 
variations were scattered in an absolutely random distribution between 
the best and the worst. A distinction had been made between sites where 
control was known to be good, and where the degree of control was un- 
known, but unluckily the average strength of all but one of the former 
group lies in the very limited range between 5,100 and 6,300 Ib. per square 
inch, whereas the latter covered average strengths between 2,345 and 7,790 
lb. per square inch. Mr Sharman asked, was it not likely that if more 
sites with known good control (and a consequent lower tendency in their 
standard deviations) had been observed in the lower average-strength 
classes, a different distribution of points might have been seen in Fig. 11? 
In the Synopsis it was stated that statistical analyses were of very little 
value for day-to-day control, and in the Tables and graphs dealing with 
Variation, the maximum and minimum recorded strengths were given 
almost equal prominence with the coefficient of variation. That might 
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seem to encourage the point of view, sometimes held, that the range of 
values obtained was the simple and satisfactory thing to note, whilst the _ 


analysis of variation could be left to people who enjoyed such things. 
Would not the Author agree that the interpretation of test results on a 

19 A.R. Collins, “ Effect of Batching Errors on the Uniformity of Concrete.’ Road 
Note No. 3. D.S.I.R. Rd Res. Lab. H.M.S.O., 1947. 


20 Donald Lumbard and A, A. Wright, “ New Steelworks, Port Talbot: Con- 
struction of Works.” Works Construction Paper No. 17, Instn Civ. Engrs, 1950. 
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material such as concrete was essentially a problem in which the statistical 
techniques of sampling and estimating error were very valuable? Was 
there any better way of predicting and controlling results from a given 
concrete-producing set-up than the production of a large number of cubes 
in a short trial period, during which observable variables were correlated 
with cube-strength variations ? As for the recording of the highest and 
lowest values, even when the number of results was very large those 
quantities remained a very unsatisfactory indication of variation, since 
they, to such a great extent, depended on chance. 

If the standard variation was taken as the best measure of control 
achieved, it should be possible to make some valid deductions from the 
results plotted in Fig. 11. The Author had drawn a “ tentative mean 
eurve ” and from it he had deduced “ variations in strength which must be 
expected in site conciete”’ (Table 8). The level of concrete technology 
varied so widely, at the present time, that to draw a line through the middle 
of good, bad, and indifferent results and to base on that some sort of 
standard level of control, however tentative, might appear somewhat 

fatalistic. If the points representing sites with good control were dis- 
tinguished from the others it would be seen that there was insufficient 
information to draw any conclusions about the relationship between 
strength and variation. Was there any reason to suppose that the dotted 
extension of the curve passed through the origin? Surely any functional 
relationship between the two variables became discontinuous before zero 
strength was reached. The part of the curve below 3,000 lb. per square 
inch was of considerable importance. In the absence of further results in 
that region might it not have been better to leave that portion of the curve 
as a query ? , 

The Author spoke of the need for further research, indisputably needed, 
"but his view on the immediate method and objective of such research 
- would be welcome. Would the Author consider that testing and sampling 
techniques, and the recording of results were generally sufficiently advanced 
for the comparison of results between one site and another to be relied on ? 
Surely the general aim of the study should be to establish standards of 
control to which everyone concerned in the specification and production of 
concrete could refer ¢ 
a Mr B. E. P. E. Roberts remarked that Dr Murdock referring to the 
variability of concrete strength, gave a number of figures to illustrate the - 
amount of variation which might be expected under various conditions. 

- The results of tests from London Airport (Table 2) showed the low 

degree of variation which, in certain circumstances, it was possible to 

achieve. That remark applied particularly to the figures for the year 1950. 

| _—‘Tt was noteworthy that the standard deviations for the years 1945 to 

"1949 had shown very little change, indicating that it was possible to make 

concrete for a long period with almost a uniform variability. That was 
consistent with Mr Roberts’s observations. 
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A striking point about Table 2 was the considerable variation in the 
monthly standard deviations for the year 1950. The number of cubes 
tested each month was not stated, but as the total for the year had been 
more than 4,000 it seemed unlikely that less than, say, 150 had been tested 
in any one month. On that assumption the changes in standard deviation 
had been much greater than would have been expected from sampling 
fluctuations. Could the Author give any explanation for that ? 

It was a pity that cement had been tested in sufficient quantity to 
make comparison possible only in 1945 and 1946, but, so far as those 
figures went, they were very interesting. 

The standard deviations of the cement tests (deduced from averages 
and coefficients of variation in Table 2) had been 394 and 454 Ib. per square 
inch for 1945 and 1946 respectively ; the standard deviations of the con- 
crete tests for those two years had been 527 and 487 Ib. per square inch; 
showing that there had been greater variation in the cement tests in 1946, — 
and greater variation in the concrete tests in 1945. That suggested that 
changes in water/cement ratio had had more effect than changes in cement 
quality on the amount of variation in the concrete tests. 

In Table 7 comparison was made between weigh-batching and volume- 
batching by considering overall distributions, each involving test results 
from a number of sites. An alternative method was to set out the standard 
deviations listed in Tables 3, 4, 5, and 6 in ascending order, comparing 
them by inspection as shown in Table 9. 


TABLE 9.—COMPARISON OF STANDARD DEVIATIONS 


Table 3 Table 4 | Table 5 Table 6 


(Sites 1 to 4, and 6) | (Sites 10 to 12, 14,) (Sites 33/1, 33/2, (Sites 40,41, and 
17, and 18) and 34) 49 to 51) 2 
a en ee een ETE i a 
Weigh-batching, Weigh-batching, | Volume-batching, | Volume-batching, Bs 
good control control unknown good control control unknown 
28-day tests : 28-day tests : 7-day tests : 28-day tests : 
lb. per sq. in. Ib. per sq. in. lb. per sq. in. Ib. per sq. in. 
(1) (2) (3) (4) 
498 <-——!|———_. 670 471 <——-|—_-_ 471 
526 782 481 729 
526 797 556 740 
604 838 765 $ 
674 890 . | 987 Py 
899 


4 
| 
2 


Estimates of standard deviation based on small numbers of tests were 
likely to be unreliable and Table 9 included only those sities for which one _ 
hundred or more test results had been available. 
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In comparing estimates of standard deviations it had to be borne in 
mind that such estimates were subject to sampling fluctuations, and small 
differences were not significant. A further complication arose, because 
the figures in column 3 were estimated from 7-day tests, and those in the 
other columns from 28-day tests. It seemed probable that the variation 
in concrete strength was somewhat greater at 28 days than at 7 days, and 
the figures in column 3 were less than they would be if calculated from 
28-day tests. 

Columns 2 and 4 were records from sites where the control conditions 
were unknown. Control, therefore, might have been good on some of 
those sites, and the first figure in each of those columns could evidently be 
classified under columns 1 and 3 as indicated by the arrows. 

The comparison between columns 1 and 2, and between columns 3 
and 4, showed clearly the considerable improvement in uniformity which 
resulted from good control. 

In the conditions represented by columns 2 and 4 there appeared to be 

no difference between weigh-batching and volume-batching. 
___ The comparison between columns 1 and 3 was complicated both by the 
few results in column 3, and by the difficulty in comparing statistics of 7- 
and 28-day tests. Making appropriate allowance for that, it appeared 
_ that where conditions were suitable for a really high degree of control, 
_ weigh-batching gave the more uniform concrete ; where such high degree’ 
of control was not practicable, however, volume-batching would probably 
< give equally good results. It would be interesting to have the Author’s 
_ views on the comparison. 
It would be noted that the results obtained with continuous mixers 
_ had not been excluded. 
= The phrase “ good control” suggested, at first glance, efficiency in 
~~ lant maintenance, and supervision of concreting, etc., but Mr Roberts 
thought that the Author had in mind a wider meaning. The amount of 
_ Variation in concrete strength was dependent on a number of factors, some 
of which were generally not within the control of the engineers and other 
‘personnel on the site, such as :— 


(1) Necessary variations in workability to suit the different con- 
creting operations on the site. 
(2) Variations in grading of the aggregates necessitating changes in 
water/cement ratio to maintain the required workability. 
(3) Variations in cement quality. 
____ (4) Richness of mix: the workability of rich mixes was less affected 
> ae by changes in grading than that of lean mixes. 
(5) Method of compacting: when powerful mechanical means 
e of compacting were used changes of workability could ‘be ~ 
tolerated within wider limits than when hand compacting 
was employed. . 


_ the tests should fall below the specified minimum. Two or 3 per cent 
seemed to be rather on the high side. = — 
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(6) Accidental changes in water/cement ratio, both direct and 
resulting from accidental changes in proportioning: they 
were dependent on proper maintenance of plant, supervision — 
of batching and mixing, etc. 


The proportion of the total variation brought about by (1) to (5), 
which might be considerable, would vary from site to site. A high standard 
deviation was not necessarily a reflection on either the personnel or the 
choice of plant. 

That consideration, which was taken into account by the Author in — 
Table 8, suggested that any form of comparison of Tables 3, 4, 5, and 6 
should be accepted with some reserve. 

The Author had pointed that out, emphasizing the need for further 
research. What was needed was the comparison. of a‘large number of 
different works for which information on all the different factors was 
available. 

The amount of variation actually observed on any site was, to some 
extent, dependent on the number of test cubes taken. Ifa specified low 
test occurred in the long run once in every hundred cubes tested, the 
chance of its occurrence at least once in twenty cube tests was about two in | 
eleven; if, however, two hundred cubes were tested, the chance of the 
specified low test being observed increased to nine in ten. If only a few 
cubes were tested the variation would appear to be low, and the variation 
in the-strength of the concrete in the works might be much greater than 
indicated by the test cubes. ; 

Table 8, which the Author said was tentative, summarized the infor- 
mation given in the Paper in the form of recommendations for practice. — ; 

The permissible variations (for average strength of more than 3,000. 
Ib. per square inch at 28 days) were given as independent of the average 
strength. That was in agreement with Mr Roberts’s observations. Pre-' 


viously such limits had been suggested as proportional to the average 3 
strength. ’ 


The Author stated that 2 or 3 per cent of tests might be expected to t 


_ fall outside the lower limits, and, if that was not acceptable, greater 


variations should be allowed. A reasonable interpretation of a minimum 
strength specification would seem to be that not more than 1 per cent of © 


De 
If it was assumed that 28-day test cubes were distributed normally 
(in the statistical sense), the limits of variation suggested in Table 8 would 
correspond to the standard deviations in column 2 (Table 10), on the 
assumption that 24 per cent of tests would fall below the specified minimum. 
Those standard deviations corresponded well with the test results from 
concrete works given in the Paper, but Mr Roberts believed that in some 
works, where a relatively lean concrete was made for hand compacting, 


~ 
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TABLE 10 
Variation in Standard Variation if only 1 per 
Table 8 deviation cent of tests fall below 
the specified minimum 
lb. per sq. in. Ib. per sq. in. Ib. per sq. in. 
(1) (2) (3) 
1,000 500 1,200 
1,200 _ 600 1,400 
1,500 750 1,750 
1,800 900 2,100 


and particularly where considerable variation in the grading of fine aggre- 
gate was unavoidable, standard deviations well above 600 lb. per square 
inch might be recorded, even with weigh-batching equipment and good 
supervision. 

Column 3, in Table 10, indicated the corresponding variation to be 
allowed for if only 1 per cent of the results were to fall below the lower 
limits. 

Such Tables were principally of use in fixing the average strength to 
be aimed at when designing a mix, and they gave the amount by which 
the average had to be greater than the specified minimum. 

For checking conformity with a specification, Tables such as those 
would not be found sufficiently sensitive, and only departures of con- 
siderable magnitude would, in general, be detected. 

A somewhat more sensitive method could be obtained by taking 
averages of six consecutive tests and plotting them on a control chart for 


means, as described in B.8.600 R. 


Although reduction of variation in strength was on the whole a good 


~ aim, it might be wise to avoid too much emphasis on that aspect of control. 


He believed that in certain circumstances a measure of uniformity 


could be obtained by using a relatively high water/cement ratio, the 


concrete having an unnecessarily high workability. Greater variability 
and a lower average water/cement ratio might well result in a concrete 


a conforming to the same minimum strength requirement, having a higher 


e average strength and better resistance to deterioration. 


Mr G. Stevenson observed that there appeared to be a certain lack 


of realization, on the part of engineers preparing contracts involving a 


large percentage of concrete work, as to the necessity for up-to-date 


2 specifications. The result was that the quality control necessary for 
good concrete was neglected and left entirely to the discretion of the con- 
tractor. The average contractor left the making, placing, etc., of con- 


crete to a foreman who might or might not be aware of what constituted 
good concrete. Even if given a new mixer, accurate water gauge, 
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weigh-batcher, adequate storage facilities, etc., he would still require to be — 


supervised by a competent clerk of works or inspector who would check 
consistencies, examine cement, test weigh-batcher at intervals, make test 
cubes, ensure adequate curing, etc. 

The recommendations given for achieving good results were certainly 
those which should be adopted as a whole or in part by all engineers; Mr~ 
Stevenson had adopted methods (3) and (4) as being the only ones possible 
under the existing specifications for average-sized contracts. There was 
no doubt that foremen were interested in. producing good concrete and it 
was a pity that contractors could not be persuaded to send those men on 
the special courses which were organized for their benefit to instruct them 
in concrete technology. 

He found that the only satisfactory way to ensure that aggregates 
were kept clean was to insist on the construction of a weak-concrete apron 
if no other clean area was available. , 

The use of a weigh-batcher should give more consistent results than 
volume-batching, but control was normally more important in the former 


case as the machine needed regular checking. On the whole the latter — 


method might not give the high results obtainable with weigh-batching but 
the average strength of the concrete could be maintained at the correct level 
with less supervision. 


The use of various patent bolts, cast into concrete for vertical faces, 


appeared to be the best solution to many of the faults shown in Fig. 5. 


Two or three types of steel formwork incorporated that system; only ; 


badly bent plates or walings, or putting tension on the bolts before the 
concrete has attained a reasonable strength, could lead to poor finish on 
the resultant face. 

Mr Stevenson felt that the observation that “The time interval 


between mixing and placing is not of serious importance . . .,” although — 
qualified by certain provisions, was somewhat sweeping as other factors — i} 


were involved besides those mentioned. Transportation methods, for 


example, dumpers, monorail, cranes, and skips, type of cement being — 


used, and the method of compaction of the concrete were all factors con- 
tributing to the rate of setting. Further recent experience had shown 
that an aggregate such as limestone was conducive to quick setting. Under 


normal circumstances, therefore, there should be no relaxation in the _ 
specification that the concrete should be placed as soon after mixing as 


ry 


possible. That was especially necessary where concrete was being made 


with the minimum water/cement ratio when vibration was the method of _ 


compaction. 


From experiments it had been found that it was almost impossible to 


over-vibrate a mix in which the water/cement ratio approached a minimum, — 
Would the Author give his own experience in that connexion ? Spek 
Curing of concrete was an operation to which little attention was given 


apparently as a result of lack of appreciation of its importance and of the — 


— 
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organization needed to perform it effectively. Particular supervision 
should be paid to that operation, since it was normally simple to cure 
horizontal surfaces ; but wall faces, columns, and the like, required draping 
with hessian or some other moisture-retaining material. It was often 
impracticable to cure for the specified time, on account of the method of 
construction adopted, but that difficulty could normally be foreseen and 
allowances made. More thought should be given by engineers in pre- 
paring specifications so that the contractor or builder could not neglect 
that important operation. It would be interesting to see comparable 
results for adequately cured concrete and air-cured concrete. 

As a matter of interest, Mr Stevenson gave two sets of results in Table 
11 which were comparable since they were taken during the same period on 


- two different contracts. The aggregates were similar and the only 


difference occurred in the cements, which were from two distinct works. 
On site D the proportioning of aggregates was done by weight whilst on 
site R, it was by volume. 


TABLE 11 
Compressive strength : 
Site * | No. of cubes lb. per sq. in. Age of cubes : 
tested’ | Highest Lowest Average days 

D 24 4,600 2,860 f| 3,650 7 
12 5,730 3,980 t| 5,230 28 

R 12 4,960 | 3,360 | 4,470 7 
5 6,830 5,650 6,190 28 


* Mix proportion :—1 : 13:3. 
_ + Strengths obtained after using a proprietary brand of concrete hardener, eventu- 


ally proved injurious.The strengths specified as required on the works, were those 


given in B.S. Code of Practice CP 114 (1948). Supervision was by a full-time Clerk 


of Works. 
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The Author, in reply, stated that he had made the statement on 
p. 444, which had been challenged by Professor Marshall, after he had put 


4 questions to about a dozen graduates who had come to him straight from 


Universities. He had found that more than three-quarters of them did not 
understand the importance of water/cement ratio, the influence of aggre- 


gates on workability, and other fundamental principles as suggested by 


Professor Marshall. They were usually better versed in other aspects of 
concrete technology, particularly in connexion with matters of structural 
design. It was that lack of balance between the two aspects of concrete 


technology which the Author was criticizing. 


The Author agreed with Professor Marshall that the men employed on 


- the site required education in concrete technology, but it was also essential 


€ 
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that the engineer and others responsible for supervision, were able to 
give the tuition which the men needed. Attempts had been made by 
mote than one Association to arrange evening lectures in concrete produc- — 
tion at various centres, and one of the greatest difficulties had been the : 
lack of good lecturers. 

Mr Ford had stated that concrete structures had been built successfully 
before scientific methods had been applied to the process of mixing and 
placing, but it was only fair to point out that there had been failures too. 
The failures shown in Figs 6 and 9 had occurred in structures built 20 
years or so ago. The Author believed that the introduction of scientific 
methods in recent years, had brought about an immeasurable improvement 
in the general quality of concrete placed in Great Britain. The results of 
that improvement would be shown by a marked reduction in the number of 
structures showing signs of failure, such as spalling of concrete from the - 
reinforcement, disintegration by frost, erosion, failure along construction 
joints, and so on. 

The Author agreed with Mr Ford on the need to build up teams of key 
men of long experience, who could be relied upon to produce a thoroughly 
sound finished job, and he agreed with the comments Mr Ford had made on © 
the training of such teams. 

The Author was indebted to Mr Erntroy for his account of a theoretical 
study of the cube-strength results, which had led to a similar conclusion 
to his own, concerning the change-over point at a compressive strength of 
about 3,000 Ib. per square inch. Mr Erntroy and Mr Sharman had referred 
to Figs 10 and 11. When drawing those curves, the Author had had 
available the results from a considerable number of sites where only a 
few cubes had been made, but their inclusion in detail in the Paper was 
not justified. He had, however, used them collectively when attempting 
to show the general trend. The scatter was considerable, but he believed 
it was useful to know whether a batch of results was better or worse than 
average. 

Mr Shilston had made interesting comments on the production of good 
concrete, which appeared somewhat at variance with the views expressed by _ 
Mr Ford. Mr Shilston had remarked that the standard of manufacture of | 
in-situ concrete in Great Britain generally, was low, but the Author would 
not entirely agree with that, particularly in the case of the more important 
structures. In that connexion, it might be interesting to note that the _ 
photograph, Fig. 4, had been taken on the Continent, where the Author 
had found the same faults in concrete production, and the same types of 
failure as in Great Britain. 

The Author had not discussed the pan-type of mixer in detail, because 
he was not sure that the segregation of materials was any less than that 
in the drum-type of mixer. When using stiff mixes in a pan mixer he 
had found some lack of uniformity, the stones being thrown to the sides or 
centre, according to the direction of rotation of the mixing star. 


‘ 
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The Author thought that the vertical-syphon type of water tank was 
reasonably satisfactory, but had found it necessary to calibrate each tank 
individually. That was done with all mixers immediately after overhaul. 
The Author believed that the whole question of water measurement, and of 
mixer design for stiff mixes, needed consideration. 

- Referring to Mr Sharman’s comments, the Author had been connected 
with the concrete at Port Talbot, and had included some of the results in 
Tables 3 and 5. That particular work had involved wide variations in the 
dimensions of the concrete members, and the production of concrete at 
varying rates from several different types of mixer. The Author did not 
think Mr Sharman’s suggestion of producing a large number of cubes in a 


short trial period was likely to prove very successful in practice, since the 


quality control was likely to be at its best during that period and might not 
be maintained. There were long term variations, for instance, owing to 
changes in cement quality, and the grading of aggregates, particularly 


the sand, was likely to vary from month to month. The Author had 


arranged for statistical analyses to be made during the course of a number of 
jobs, in order to obtain information for future use, but had not found such 
analyses of sufficient value in day-to-day control to justify the work en- 
tailed. The simple question of whether a cube passed the minimum, or 
exceeded the maximum, could be understood by all on the site. 

Mr Sharman had asked for some suggestions for further research, 
but the Author found it very difficult to suggest particular items from 
the many problems which existed. The Author felt that a better method of 
measuring workability and a fuller understanding of the term workability 
was one essential. Following workability, came the question of concrete- 
mix design, and, although the method suggested in Road Note No. 4, 
was a first step, it was still not possible to predict with sufficient accuracy, 
the workability and strength obtainable with any particular aggregate, 


- cement, and water/cement ratio. The Author had found, in recent work, 


that the proportion of the finer particles of sand in the mix was of much 


| 2 greater importance than that of the larger sizes; also that the type of 


cement used had a marked effect on workability. There was the need for 
a method of assessing any tendency of a concrete mix to segregate. Again, 
there was the influence of the type of aggregate on the compressive strength 


~ of concrete ; the Author had found some indication that certain limestones 


tended to give higher strengths than gravel aggregates. The testing 
of cubes was not entirely satisfactory, serving only as a guide to the poten- 


tial quality of the concrete in the structure, and further development 
__ of such methods as the ultrasonic sound method to the stage when it could 
be taken into general use, was very desirable. Until a better understanding 
_ of the points mentioned above and many others were obtained, the Author 


felt it would be difficult to establish standards of control which could be 


other than tentative. — 


The basis of control suggested in Table 8 was founded, not only on the 
fe a 5 
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cube strengths given in Table 3-6, but on general experience in controlling _ 
quality on many sites large and small. Knowing site conditions, the type 
of equipment used, and the effort likely to be made by the supervisory staff 
in controlling quality, it had been found possible to predict with reasonable 
accuracy, the average strength and range in cube strength likely to occur. - 
Various other points raised by Mr Sharman were covered in the reply to i 
Mr Erntroy. } 
In answer to Mr Roberts, the Author stated that he too, had been — 
puzzled by the monthly standard deviations for the year 1950 given in 
Table 2. He could give no definite reason, but he thought that a number 
of factors, such as periodic inaccuracies in weigh-batching, changes in 
sand grading, which would affect the water/cement ratio required to give 
the necessary workability for the vibrating machines, and changes in 
cement quality, were factors which had caused greater variability oval 
some periods than others. Mr Roberts had given an interesting alternative — 
method of comparing the standard deviations in Table 9, and the Author © 
agreed with the deductions he had made. 
With regard to the comparison between weigh-batching and volume- — 
batching, the Author was of the opinion that weigh-batching gave the 
more uniform concrete when a high degree of control was exercised. 
Without careful maintenance and checking of the weighing equipment, 
however, volume-batching by well-proportioned containers for measure- 
ment, was equally good or, perhaps, better. That was one of the reasons - 
why weigh-batching was found to give better results on the larger 
concreting works where central batching set-ups were employed with — 
proper mechanical maintenance, than on small sites where maintenance 
was carried out by the concreting gang or others between visits of a fitter. 
Mr Roberts had suggested that 2 or 3 per cent of tests falling below the 
specified minimum was rather on the high side. The Author had noticed — 
from some of the records made available to him, that the employing | | 
authority had been more lenient than the figure he had suggested. Hehad 
not given any comparison in Tables 3-6 with specified minimum strengths, 
because he had felt that the varying conditions such a comparison would 
have little value. Further, with some of the mixes which had been speci- 
fied, it could be shown that it was not possible to achieve the minimum 
strength, even allowing for failure of up to 5 per cent of the cubes. He 
felt that if the greater variation given by Mr Roberts in Table 10 were 
allowed for in assessing the minimum strength for specification purposes, — 
there would still be a tendency to tolerate failure of 2 or 3 per cent of the 
cubes. He agreed with Mr Roberts that rich mixes were easier to handle 
than lean ones and that too much emphasis should not be placed on the 
saving of cement, since the greater degree of control necessary for lean 
mixes and the extra costs involved might well outweigh the saving 
achieved, while not producing a better structure. 


The Author agreed with many of Mr Stevenson’s comments and was 
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very glad that the question of curing had been raised, as he, too, felt it 
was often neglected. It was quite true that it was almost impossible 
to over-vibrate a mix in which the water/cement ratio approached the 
minimum. However, one of the chief problems in vibrating stiffer mixes 
was the occurrence of air bubbles at the surface, and, although the Author 
had geen and tried various methods which had been advocated, he had 
not found one which he could confidently recommend as ensuring freedom 


COMPACTING FACTOR 


TIME AFTER MIXING: MINUTES 


WorKABILITY OF CONORETE WITH GRAVEL AND LIMESTONE AGGREGATES 


- Mix in each case was 1:6 (cement: aggregate) and river sand was used for all 


mixes. ? 
All mixes : effective water/cement ratio. 


Allowance for absorption of aggregate was made DY 
(A) Extra water added at time of mixing (simulating the use of a dry aggre- 


‘ gate). ' j , 
(B) Sufficient water added to dry aggregate to give saturation } hour before 
mixing. 


Mixing and curing temperature: 64°F 2°. 
Evaporation was presented before and after mixing. 


2 


from this blemish. He was conducting a series of experiments in an 
a attempt to obtain information from which definite imstructions could be 
given to the site operatives. 
The Author had deliberately included the sentence that the time 
interval between mixing and placing was not of serious importance, with 
certain provisions. The statement was based on observations at London 
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Airport and some recent experimental work, in which he had been assessing 
the changes in workability of concrete with time after mixing. Some 
of the results for gravel and limestone aggregates were given in Wig. 14, 
As would be seen, there was, in each case, a marked change in the work- 
ability during the first 5 minutes or so after mixing. That change was 
greater when using dry limestone than when using previously saturated 
limestone, because, the Author believed, of the rapid initial absorption — 
of water by the limestone. The limestone was of the hard mountain 
limestone type usually used dry from the crusher, and the Author thought 
that it was that change in workability which had been described as quick 
setting by Mr Stevenson. 

The strength of cubes made from such mixes did not decrease to any 
appreciable extent during the tests, that was, up to 40 minutes after mixing. 


DEATHS 


It is with deep regret that intimation of the following deaths has 
been received. 
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CORRIGENDA 


Proceedings, Part I, January 1954 


p. 66, footnote f, after “‘15th”’ insert “ May ” 
p. 106, lines 4 and 5, for “ Loch Sloy, Tummel-Garry, and Shira 
power schemes,” read “ Loch Sloy power scheme,” 


ADVERTISEMENT 


The Institution of Civil Engineers as a body is not responsible 
either for the statements made or for the opinions expressed in the 


foregoing pages. 
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